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In this research, a new combined heat and power (CHP) system configuration has
been proposed that uses two power generation units (PGU) operating simultaneously with
different operational strategies (D-CHP). The performance of the proposed D-CHP
system configuration, with one PGU operated at a constant base load and the other
operated following the electric load, is quantified in terms of operational cost savings,
primary energy consumption (PEC) savings, and carbon dioxide emissions (CDE)
savings over a reference case employing a conventional, separate heat and power system.
D-CHP system performance is also compared to standard, single PGU operational
strategies. The D-CHP system configuration is first examined for four different building
configurations simulated using the weather of Chicago, IL. Then, the D-CHP system
feasibility study is extended to examine a full-service restaurant benchmark building in
nine different U.S. climate zones. Next, the D-CHP configuration is simulated under a
second operational strategy, in which one PGU operates base-loaded while the other
follows the thermal load, and the two D-CHP strategies are compared. Additionally, the
effect of thermal storage on D-CHP system performance is examined. Finally, the D-

CHP configuration is extended to a combined cooling, heating, and power configuration
(D-CCHP), and the feasibility of this configuration is examined. In addition to D-CHP
and D-CCHP systems performance analyses, the parameters of power-to-heat ratio; cost,
emissions and primary energy consumption spark spreads; cost and emission ratios; and
thermal difference are proposed and examined as performance indicators. It was
determined that D-CHP and D-CCHP system strategies can be a viable alternative to
traditional CHP system or combined cooling, heating, and power (CCHP) system
operational strategies, in terms of operational cost, PEC, and CDE performance.
Generally, the D-CHP and D-CCHP configurations are found to perform comparably to
or better than traditional CHP and CCHP configurations.
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CHAPTER I
INTRODUCTION

Literature Review
Combined heat and power (CHP), or cogeneration, and combined cooling,
heating, and power (CCHP), or trigeneration, systems are used to generate electricity onsite, while taking advantage of waste heat from the power generation unit (PGU) for
space heating or for hot water. As a result of recovering the waste heat, the efficiency of
energy production can be increased from around 35%-55% in conventional power plants
to over 80% in CHP systems [1]. Implementing a CHP system can provide a sustainable
energy alternative through reducing primary energy consumption (PEC), reducing
greenhouse gas emissions, particularly carbon dioxide emissions (CDE), reducing grid
dependency, and diminishing distribution losses, often while providing operational cost
savings [2-4]. Thermal storage (TS) capability can be added to a CHP configuration in
order to further increase the benefits [5-7].
Several studies have been performed to evaluate the feasibility of implementing
CHP systems operating with a single PGU. Typically, the PGU is operated following the
electric load (FEL), following the thermal load (FTL), or base-loaded (BL). When the
system is operated FEL, the PGU operation responds to fluctuations in the building
electric demand. When the system is operated FTL, the PGU operation responds to
fluctuations in the building thermal demand. On the other hand, when the CHP system is
1

operated base-loaded, the PGU provides a portion of the electric demand of the facility at
a constant rate. Comprehensive reviews of CHP and CCHP systems have been prepared
by Mago et al. [3], Al-Sulaiman et al. [8], and Wu and Wang [9].
Results from base-loaded CHP systems have been reported by Mago and Luck
[5], Mago et al. [10], Mago and Smith [11], and Espirito Santo [12] among others. Mago
and Luck [5] examined a base-loaded CHP system with thermal storage capability on the
bases of operational cost, PEC, and CDE for two reference buildings in two different
locations. They found that thermal load significantly affects CHP-BL system
performance and that, generally, the addition of thermal storage is beneficial for CHP
system operation. Mago et al. [10] examined the emissions reduction potential of a baseloaded CHP system for a hospital benchmark building to determine that potential for
CDE savings is highly dependent on the efficiency of the PGU used for the CHP system.
Also, they determined that the greatest emissions reductions are exhibited in locations
that use a high percentage of coal in the fuel-mix, while CDE savings are difficult to
achieve in locations that have a low coal percentage in the fuel-mix. Mago and Smith
[11] examined a CHP-BL system for seven different types of buildings in Chicago, IL, a
high coal percentage fuel-mix region, in terms of CDE savings, PEC savings, and
operational cost savings. They determined that CDE reduction would occur for all
building types with the implementation of a CHP system, while PEC savings and
operational cost savings are dependent on building type. Espirito Santo [12] evaluated a
CHP-BL system on the bases of high-energy utilization factor, exergetic efficiency, and
primary energy savings. He determined that a CHP system operating at the thermal and

2

electric base load demand will be favorable if the thermal efficiency of the power plant
supplying grid electricity is lower than 51%.
Several authors, such as Mago et al. [13], Wang et al. [14], Mago and Chamra
[15], Fumo et al. [16], Espirito Santo [17], Fang et al. [18], Smith et al. [19], Liu et al.
[20], Jalalzadeh-Azar [21], and Ernst and Balestieri [22] have presented results for FEL
and FTL systems. Mago et al. [13] analyzed the performance of combined cooling,
heating, and power (CCHP) and CHP systems, operating FEL and operating FTL, based
on primary energy consumption, operational cost, and carbon dioxide emissions for cities
with different climate conditions (Miami, FL; Boston, MA; San Francisco, CA; and
Columbus, MS). They reported that CCHP and CHP systems operated FTL reduce the
primary energy consumption for all the evaluated cities. They also indicated that the only
operational mode that reduces both the primary energy consumption and carbon dioxide
emissions while reducing the operational cost is FTL. Similar, Wang at el. [14] analyzed
the energy flows of CCHP system following electrical demand management (FEL) and
thermal demand management (FTL). They evaluated the performance of a CCHP system
operating FEL and FTL for a commercial building in Beijing. In their evaluation, they
employed three factors: primary energy saving, exergetic efficiency, and CO2 emissions
reduction. Their results indicated that the CCHP system operated FEL achieves more
benefits in winter than in summer. Mago and Chamra [15] evaluated and optimized the
performance of CCHP systems operated FEL and FTL based on cost, emissions, and
primary energy consumption using a building located in Columbus, MS. In addition,
their paper included the analysis and evaluation of an optimized operational strategy in
which the CCHP system operates following a hybrid electric–thermal load. Results
3

indicated that, for the evaluated city, the optimum primary energy consumption and cost
reductions are 7.5% and 4.4%, respectively, for CCHP-FTL, while the optimum carbon
dioxide emission reduction is 14.8% for CCHP-FEL. They also reported that the hybrid
operation is a good alternative for CCHP systems since it yields reduction in primary
energy, cost, and emissions. Fumo et al. [16] presented a methodology to select the
operational strategy based on the ratio between the building electric and thermal
demands, and the ratio between electricity demand and size of the PGU with no
electricity exporting. They found that the FTL strategy provided better results than the
FEL load strategy for most of the cases they evaluated. Espirito Santo [17] evaluated the
performance of an IC engine-driven CCHP system on the basis energy utilization factor,
exergetic efficiency, and PEC savings for two different operational strategies. He found
that the energy utilization factor can be between 65% and 81% for the given strategies,
with efficiencies between 35% and 38.4%. Fang et al. [18] proposed an integrated
performance criterion to optimize CCHP system operational strategies FEL or FTL on the
bases of PEC, operating cost, and CDE. Smith et al. [19] included model data
uncertainty in the analysis of different CCHP system operating strategies. They
concluded that both FEL and FTL operations have minimal CDE and PEC uncertainties,
but that the uncertainty involved in operating cost is significant due to the uncertainties
associated with electricity and natural gas prices. Liu et al. [20] proposed an optimized
operating strategy for a CCHP system with a hybrid chiller and compare that strategy to a
traditional separate heat and power (SHP) strategy, CCHP-FEL, and CCHP-FTL, and
they determined that the proposed strategy is a feasible alternative to FEL, FTL, and SHP
configurations. Jalalzadeh-Azar [21] compared CHP-FEL and CHP-FTL systems to find
4

that the CHP-FTL system presented a higher system efficiency and was less sensitive to
seasonal load changes. Ernst and Balestieri [22] determined that a CHP-FTL system
strategy is more attractive than a CHP-FEL system strategy, particularly when net
metering, or selling excess electrical generation back to the power grid for general use, is
an option.
The optimal PGU operating strategy varies due to factors such as climate,
building type, CHP system components, and energy costs [8,23-30]. Recently, Knizley
and Mago [31-32] and Mago et al. [33] have proposed a new CHP system
implementation configuration in which two PGUs operate simultaneously (D-CHP), each
using a different operating strategy. Knizley and Mago [31] examined a D-CHP system
configuration in which one PGU is operated BL and the other is operated FEL for several
building configurations located in Chicago, IL. They determined that the D-CHP system
operational strategy can provide benefits over CHP-FEL and CHP-BL systems in terms
of operational cost, PEC, and CDE. Knizley and Mago [32] then extended the D-CHP
configuration to include different climate locations and different PGU sizing methods.
Mago et al. [33] further extended the D-CHP system analysis to include a PGU strategy
operated FTL, as well as studied the effect of thermal storage on D-CHP system
performance. These three articles, as well as an extension for a dual PGU CCHP (DCCHP) system configuration, form a summary of the research performed for this
dissertation. While dual-PGU operational strategies have been suggested prior to Knizley
and Mago’s research, the literature review has revealed little analysis of such a system
configuration. Pagliarini and Rainieri [24] stated in their paper that two CHP systems
operating in parallel “should deserve consideration, as it is expected that this plant
5

scheme might perform more efficiently than the one which includes one CHP unit only.”
Verda and Colella [34] state that a 2-CHP system configuration can reduce primary
energy consumption by about 12%, whereas a single CHP system implementation
reduces PEC by only 4.5%.
Additionally, it is relevant to the present research to review literature pertaining
specifically to emissions reduction and thermal storage capabilities of CHP and CCHP
configurations. Many researchers have studied the potential of typical CHP systems to
reduce emissions, including Cho et al. [35], Headman and Hampson [36], Smith et al.
[37], Dorer and Weber [38], and Mancarella and Chicco [39]. Cho et al. [35] indicated
that CCHP systems should be included as a viable option even if operational cost is
increased through CHP system implementation, as long as emissions and energy savings
can be guaranteed. In their paper, CCHP systems were optimized based on operational
cost, primary energy consumption, and carbon dioxide emissions for different climate
conditions. They determined that there is not a common trend between the three
optimization modes; i.e., reducing one parameter may either increase or decrease the
other two parameters. This lack of consistency is attributed to variation of building loads,
variation in fuel and electricity costs, and variation of emissions factors for multiple
locations. Headman and Hampson [36] provided a methodology for evaluating CDE
savings in CHP systems. They described that, in general, CHP systems reduce
greenhouse gas emissions by displacing fuel and emissions from the boiler through waste
heat recovery and by displacing fuel and emissions of power plants through CHP system
power output. Smith et al. [37] proposed an emission spark spread (ESS) screening
parameter based on emissions as an indicator of potential CHP system viability to reduce
6

emissions. In their paper, the ESS was evaluated in 16 US cities for three different CHP
system efficiencies and compared to the minimum ESS required for a based-loaded CHP
system to potentially reduce CO2 emissions. Dorer and Weber [38] evaluated the
emissions and energy savings potential of micro-CHP applications single-family and
multi-family housing. They illustrated that most cogeneration configurations reduce both
energy consumption and CO2 emissions relative to conventional separate heating and
power scenarios. Mancarella and Chicco [39] detailed an emissions analysis (NOx, CO,
CO2) for distributed cogeneration systems to account for both part-load emissions output
and full-load emissions output. They noted that emissions output is typically higher at
partial-load than at full-load CHP system operation. It should also be noted that CHP
systems have the potential to further reduce CO2 emissions if fuelled by biomass instead
of by natural gas, as biomass combustion is considered a CO2 neutral process [40].
Thermal storage devices added to a CHP configuration can be used to increase the
performance of CHP systems, by storing the waste heat recovered from the PGU during
low thermal demand periods and using that waste heat to meet thermal demand at another
time. Typical thermal storage devices can include water storage tanks and ice storage
systems [41-44]. The economic, environmental, and energy aspects of thermal energy
storage technologies have been investigated and proven to be a viable mechanism in
energy conservation efforts [45-47] . Thermal storage added to a CHP system
configuration can produce additional benefits in terms of operating cost, primary energy
consumption, and carbon dioxide emissions [5]. Smith et al. [6] examined a CHP-BL
system with varying capacities of thermal storage for eight different building
configurations in Chicago, IL. They determined that thermal storage should be
7

considered for buildings having a power to heat ratio (PHR) below 2.3, where adding
thermal storage can provide additional reductions in cost, primary energy consumption,
and CDE than the CHP-BL configuration alone. However, they also determined that
adding TS to a CHP configuration does not necessarily reduce the size of any
supplemental boiler required to meet the building thermal demand. Fragaki et al. [7]
examined the addition of thermal storage to a CHP plant configuration with PGU(s)
operating at full-load (base-loaded) during the hours of peak electric demand in the UK
market. They determined that TS reduces the electricity costs incurred by the plant by
15%.
Research Objectives
In the present work, D-CHP system strategies have been investigated in terms of
operational cost savings, PEC savings, and CDE savings for four different benchmark
buildings and in nine different locations. The major objective of this research is to
investigate the performance and feasibility of dual-PGU CHP system. In order to achieve
this objective, the following measures have been implemented:
1. Model a two PGU CHP system configuration (D-CHP) for four different
building types in Chicago, IL.
a. Compare D-CHP system performance to a reference case with no
CHP system strategy employed.
b. Compare D-CHP system performance to a CHP-BL system and a
CHP-FEL system using single PGU operation strategies.
c. Examine viability of building power-to-heat ratio (PHRb) as
indicating parameter for D-CHP system performance.
8

2. Examine D-CHP system operational strategy in various climate locations
with differing PGU sizing methods.
a. Evaluate D-CHP system performance with PGU size optimized
based on CDE savings for a full-service restaurant benchmark
building in nine different climate locations.
b. Evaluate D-CHP system performance with PGU size optimized
based on operational cost savings for a full-service restaurant
benchmark building in nine different climate locations.
c. Compare D-CHP system to CHP-BL and CHP-FEL systems for
each optimization strategy.
d. Examine the viability of spark spread and emissions spark spread
as indicating parameters for D-CHP system performance.
3. Examine D-CHP system performance under differing operational
strategies.
a. Compare D-CHP system strategies where the second PGU is
operated FEL and where the second PGU is operated FTL.
b. Examine cost ratio and emission ratio as performance indicating
parameters.
c. Examine the effects of thermal energy storage on D-CHP system
performance.
4. Examine the performance of a D-CCHP system for a full-service
restaurant benchmark building in nine different climate conditions.
a. Determine D-CCHP system feasibility
9

b. Introduce thermal difference parameter to indicate relative
performance of a D-CCHP system compared to a D-CHP system.
c. Examine effect of carbon credits on D-CCHP system operational
cost.

10

CHAPTER II
MODELING EQUATIONS AND METHODOLOGY

D-CHP System Configuration and Modeling Equations
The equations used to model the D-CHP system configuration are included in this
section. This configuration consists of two PGUs, where PGU1 is operated base-loaded,
and PGU2 is operated either FEL or FTL. Figure 1 and Figure 2 show schematic
representations of the proposed CHP configuration; Figure 2 includes emissions output
from components used in the D-CHP configuration. For the reference case, in which no
CHP configuration is employed, all of the electricity demand of the building would be
supplied by the power plant, and all of the heating demand would be supplied by the
boiler. The building electric demand, 𝐸𝑏 , and fuel usage required for heating, 𝐹𝑏 , are the
hourly output values over the course of a year found for each benchmark building and
location using EnergyPlus simulation software [48].
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Figure 1

Schematic of proposed D-CHP system configuration
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Figure 2

Alternate schematic of proposed D-CHP system including emissions output

If thermal energy storage is considered, then a thermal energy storage device,
such as a water tank, will be included in the D-CHP system strategy. Figure 3 shows a
schematic representation of the D-CHP configuration when thermal storage is an option.
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Figure 3

Schematic of proposed D-CHP system with TS

The electricity output from the D-CHP system is the combined electricity
generated by both PGUs:
𝐸𝑝𝑔𝑢𝑠 = 𝐸𝑝𝑔𝑢1 + 𝐸𝑝𝑔𝑢2

(1)

where 𝐸𝑝𝑔𝑢1 is the base-load electrical energy output from PGU1 which is sized to meet
the minimum hourly electrical demand (or a larger portion of the electrical demand) and
𝐸𝑝𝑔𝑢2 is the electrical energy delivered to the building by PGU2 operated FEL or
operated FTL.
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The total fuel energy required to operate the D-CHP system is the combined fuel
energy of both PGUs and it can be determined as
𝐹𝑝𝑔𝑢𝑠 = 𝐹𝑝𝑔𝑢1 + 𝐹𝑝𝑔𝑢2

(2)

where 𝐹𝑝𝑔𝑢1 and 𝐹𝑝𝑔𝑢2 are the fuel energy required to operate PGU1 and PGU2,
respectively. The fuel energy required to operate PGU1 is defined as
𝐸𝑝𝑔𝑢1

𝐹𝑝𝑔𝑢1 = 𝜂

𝑝𝑔𝑢1

(3)

where 𝜂𝑝𝑔𝑢1 is the thermal efficiency of PGU1, which is considered to be constant since
PGU1 is operated at base load conditions. The fuel energy required to operate PGU2 is
defined as
𝐸𝑝𝑔𝑢2

𝐹𝑝𝑔𝑢2 = 𝜂

𝑝𝑔𝑢2

(4)

where 𝜂𝑝𝑔𝑢2 is the efficiency of PGU2.
Since the PGU2 operation varies from hour to hour when following the electric
load or following the thermal load, its efficiency varies accordingly and must be
determined according to engine parameter specifications. Using a relationship between
𝜂𝑝𝑔𝑢2 and 𝐸𝑝𝑔𝑢2 , the fuel energy required to operate PGU2 can be determined using
average coefficients, a and b, found by curve-fitting manufacturer’s data [49] for typical
engine fuel usage versus engine electrical output curves as follows:
𝑚𝑎𝑥
𝐹𝑝𝑔𝑢2 = 𝑎𝐸𝑝𝑔𝑢2 + 𝑏𝐸𝑝𝑔𝑢2

When following the electrical load, the maximum electrical output of PGU2,
𝑚𝑎𝑥
𝐸𝑝𝑔𝑢2
, is specified and can be sized to meet the remaining electrical demand (𝐸𝑟𝑒𝑚 =
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(5)

𝐸𝑏 − 𝐸𝑝𝑔𝑢1 ) operating FEL, or it can be sized to meet a portion of the demand. In order
for PGU2 to operate within sufficient efficiency limits, the minimum electrical output of
𝑚𝑖𝑛
𝑚𝑎𝑥
𝐸𝑝𝑔𝑢2
= 0.25𝐸𝑝𝑔𝑢2

(6)

The electricity generated by PGU2 FEL will change hourly according to the
following
𝑚𝑎𝑥
𝐸𝑝𝑔𝑢2 = 𝐸𝑟𝑒𝑚 𝑖𝑓 𝐸𝑝𝑔𝑢2
≥ 𝐸𝑟𝑒𝑚

(7)

𝑚𝑎𝑥
𝑚𝑎𝑥
𝐸𝑝𝑔𝑢2 = 𝐸𝑝𝑔𝑢2
𝑖𝑓 𝐸𝑟𝑒𝑚 > 𝐸𝑝𝑔𝑢2

(8)

𝑚𝑖𝑛
𝐸𝑝𝑔𝑢2 = 0 𝑖𝑓 𝐸𝑟𝑒𝑚 < 𝐸𝑝𝑔𝑢2

(9)

The total heat recovered for the D-CHP system is
𝑄𝑟𝑒𝑐 = 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢1 + 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2

(10)

where 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢1 and 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2 are the heat recovered from PGU1 and PGU2,
respectively.
The heat recovered from PGU1 is equal to the maximum recovered heat from that
PGU if the heat required exceeds the recovered heat. Otherwise, the recovered heat from
PGU1 is equal only to the amount required to meet the building’s need:
𝑚𝑎𝑥
𝑚𝑎𝑥
𝑄𝑟𝑒𝑐,𝑝𝑔𝑢1 = 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢1
𝑖𝑓 𝑄𝑟𝑒𝑞 > 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢1

(11)

𝑚𝑎𝑥
𝑄𝑟𝑒𝑐,𝑝𝑔𝑢1 = 𝑄𝑟𝑒𝑞 𝑖𝑓 𝑄𝑟𝑒𝑞 ≤ 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢1

(12)

𝑚𝑎𝑥
where 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢1
is the maximum amount of heat that can be recovered from PGU1, and

𝑄𝑟𝑒𝑞 is the thermal demand of the building’s heating system.
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The maximum amount of heat that can be recovered from PGU1 is
𝑚𝑎𝑥
𝑄𝑟𝑒𝑐,𝑝𝑔𝑢1
= 𝜉(𝐹𝑝𝑔𝑢1 − 𝐸𝑝𝑔𝑢1 )𝜂𝐻𝑅𝑆

(13)

where 𝜂𝐻𝑅𝑆 is the efficiency of the heat recovery system, and 𝜉 is a factor that accounts
for PGU energy losses before the heat recovery system.
The heat recovered from PGU2 operating FEL is
𝑚𝑎𝑥
𝑚𝑎𝑥
𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2 = 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2
𝑖𝑓 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2
< 𝑄𝑟𝑒𝑚
𝑚𝑎𝑥
𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2 = 𝑄𝑟𝑒𝑚 𝑖𝑓 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2
≥ 𝑄𝑟𝑒𝑚

(14)
(15)

𝑚𝑎𝑥
is the maximum heat that can be recovered from PGU2, and 𝑄𝑟𝑒𝑚 is the
where 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2

remaining building heating requirement;
𝑚𝑎𝑥
𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2
= 𝜉(𝐹𝑝𝑔𝑢2 − 𝐸𝑝𝑔𝑢2 )𝜂𝐻𝑅𝑆

(16)

𝑄𝑟𝑒𝑚 = 𝑄𝑟𝑒𝑞 − 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢1

(17)

When PGU2 is operated FTL, PGU2 can be sized to meet all or a portion of the
thermal demand. In this case, Eq. (14) and (15) still describe the heat recovered from
PGU2, but operation of PGU2 is now dependent on heat recovered reaching a minimum
operational threshold
0
𝑚𝑖𝑛
𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2 = {Qmin
𝑖𝑓 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2
> 𝑄𝑟𝑒𝑚
rec,pgu2

(18)

𝑚𝑖𝑛
where 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2
is the amount of heat recovered when PGU2 operates at 25% of the
𝑚𝑖𝑛
nominal load. When 𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2
> 𝑄𝑟𝑒𝑚 there are two options: to not operate the PGU or

to operate the PGU at 25% of the nominal load.
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In the case where PGU2 is operating FTL, the hourly electric output of PGU2 is
no longer described by Eq. (7) - (9). Instead, the fuel energy required to operate PGU2
can be found using
𝐹𝑝𝑔𝑢2 = 𝜉𝜂

𝑄𝑟𝑒𝑐,𝑝𝑔𝑢2
𝐻𝑅𝑆 (1−𝜂𝑝𝑔𝑢2 )

(19)

Once the fuel energy of PGU2 FTL is known, the electricity generated by PGU2
FTL can be determined using Eq. (5)
The metered electrical energy, or that which must be purchased from the grid to
completely satisfy the electric demand, is
𝐸𝑚 = 𝐸𝑔𝑟𝑖𝑑 = 𝐸𝑏 − 𝐸𝑝𝑔𝑢𝑠

(20)

The heat required by the building can be found using the building’s heating
system efficiency, 𝜂ℎ , and fuel energy usage, 𝐹𝑏 , as follows:
𝑄𝑏 = 𝐹𝑏 𝜂ℎ

(21)

If the total heat recovered does not meet the building’s total thermal load, then an
auxiliary boiler can be used to supplement the heating requirement:
𝑄𝑏𝑜𝑖𝑙𝑒𝑟 = 0 𝑖𝑓 𝑄𝑟𝑒𝑐 ≥ 𝑄𝑟𝑒𝑞

(22)

𝑄𝑏𝑜𝑖𝑙𝑒𝑟 = 𝑄𝑟𝑒𝑞 − 𝑄𝑟𝑒𝑐 𝑖𝑓 𝑄𝑟𝑒𝑐 < 𝑄𝑟𝑒𝑞

(23)

The metered fuel energy consumption, or the total fuel which must be purchased,
can be expressed as
𝐹𝑚 = 𝐹𝑝𝑔𝑢𝑠 + 𝐹𝑏𝑜𝑖𝑙𝑒𝑟
where 𝐹𝑏𝑜𝑖𝑙𝑒𝑟 is the fuel needed to operate the boiler and it is defined as
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(24)

𝐹𝑏𝑜𝑖𝑙𝑒𝑟 =

𝑄𝑏𝑜𝑖𝑙𝑒𝑟
𝜂𝑏𝑜𝑖𝑙𝑒𝑟

(25)

and 𝜂𝑏𝑜𝑖𝑙𝑒𝑟 is the boiler efficiency.
Additional Parameters Used in D-CHP System Models
Spark spread is defined as the difference between the electricity cost factor and
fuel cost factor, which can vary significantly with location. CDE spark spread is the
difference in electricity and fuel carbon dioxide emissions factor for each location, and
PEC spark spread is the difference in electricity and fuel PEC conversion factors. The
values used for cost factors, emissions factors, and PEC conversion factors are presented
in subsequent sections throughout the paper.
𝑆𝑆𝑐𝑜𝑠𝑡 = 𝐶𝑜𝑠𝑡𝐹𝑒 − 𝐶𝑜𝑠𝑡𝐹𝑓

(26)

𝑆𝑆𝐶𝐷𝐸 = 𝐶𝐷𝐸𝐹𝑒 − 𝐶𝐷𝐸𝐹𝑓

(27)

𝑆𝑆𝑃𝐸𝐶 = 𝑃𝐸𝐶𝐹𝑒 − 𝑃𝐸𝐶𝐹𝑓

(28)

If net metering is considered, then any electrical output provided by the PGUs
exceeding the electric demand of the building can be exported or sold back to the grid. In
this case, excess electricity produced by the PGU is defined as
𝐸𝑒𝑥𝑐𝑒𝑠𝑠 = 𝐸𝑝𝑔𝑢𝑠 − 𝐸𝑏

(29)

When thermal storage is considered, the D-CHP system can take advantage of
recovering more thermal energy than that required by the facility through storing the
excess recovered and using it at a later time. In this case, a time step loop is used to
model thermal storage. The typical time step considered in this analysis is one hour.
𝑄𝑇𝑆,𝑛𝑒𝑤 = (𝑄𝑟𝑒𝑐 − 𝑄𝑟𝑒𝑞 + 𝑄𝑇𝑆,𝑜𝑙𝑑 ) 𝑖𝑓 (𝑄𝑟𝑒𝑐 + 𝑄𝑇𝑆,𝑜𝑙𝑑 ) > 𝑄𝑟𝑒𝑞
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(30)

The thermal energy stored will be used in the next time step if required. Thermal
energy will continue to be stored until the maximum storage capacity is reached if it is
not used in the subsequent time step. If the stored thermal energy and heat recovered
each time step is still not sufficient to meet building heating demand, then an auxiliary
boiler can be used to fulfill the building thermal demand.
𝑄𝑏𝑜𝑖𝑙𝑒𝑟 = 𝑄𝑟𝑒𝑞 − (𝑄𝑟𝑒𝑐 + 𝑄𝑇𝑆,𝑜𝑙𝑑 ) 𝑖𝑓 (𝑄𝑟𝑒𝑐 + 𝑄𝑇𝑆,𝑜𝑙𝑑 ) < 𝑄𝑟𝑒𝑞

(31)

𝑄𝑏𝑜𝑖𝑙𝑒𝑟 = 0 𝑖𝑓 (𝑄𝑟𝑒𝑐 + 𝑄𝑇𝑆,𝑜𝑙𝑑 ) ≥ 𝑄𝑟𝑒𝑞

(32)

D-CCHP System Configuration and Modeling Equations
The D-CCHP configuration utilizes an absorption chiller to meet all or a portion
of the building cooling demand. Figure 4 shows a schematic representation of the DCCHP configuration.
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Figure 4

Schematic of D-CCHP system configuration

In this case, the electricity needed to meet cooling demand, 𝐸𝑐𝑜𝑜𝑙 , is subtracted
from the total facility electric demand to determine the building electric requirement
when a chiller is used to meet cooling demand. The heating demand, cooling demand,
and electricity required by the building can be determined by
𝑄𝑏 = 𝐹𝑓𝑎𝑐 𝜂ℎ

(33)

𝑄𝑐𝑜𝑜𝑙 = 𝐶𝑂𝑃𝑣𝑐 𝐸𝑐𝑜𝑜𝑙

(34)

𝐸𝑏 = 𝐸𝑓𝑎𝑐 − 𝐸𝑐𝑜𝑜𝑙

(35)
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where 𝐸𝑓𝑎𝑐 is the total electricity used for the facility in the SHP configuration, 𝐹𝑓𝑎𝑐 is
the fuel energy used by the facility in the SHP configuration, 𝐸𝑐𝑜𝑜𝑙 is the electricity used
for cooling in the SHP configuration, 𝜂ℎ is the efficiency of the building’s SHP heating
system and 𝐶𝑂𝑃𝑣𝑐 is the vapor compression system coefficient of performance in the SHP
configuration.
The thermal load required for the D-CCHP system components to meet the
building demand is dependent on the efficiency of the heating system and the coefficient
of performance of the absorption chiller used.
𝑄𝑟𝑒𝑞 = 𝑄𝑟𝑒𝑞,ℎ𝑒𝑎𝑡 + 𝑄𝑟𝑒𝑞,𝑐𝑜𝑜𝑙
𝑄𝑟𝑒𝑞,ℎ𝑒𝑎𝑡 = 𝜂

𝑄𝑏
ℎ,𝐶𝐶𝐻𝑃

𝑄

𝑄𝑟𝑒𝑞,𝑐𝑜𝑜𝑙 = 𝐶𝑂𝑃𝑐𝑜𝑜𝑙

𝑐ℎ𝑖𝑙𝑙

(36)
(37)
(38)

where 𝑄𝑟𝑒𝑞,ℎ𝑒𝑎𝑡 is the heat required to satisfy all or part of the heating demand, 𝑄𝑟𝑒𝑞,𝑐𝑜𝑜𝑙
is the heat required to satisfy all or part of the cooling demand, 𝜂ℎ,𝐶𝐶𝐻𝑃 is the efficiency
of the heating coil, and 𝐶𝑂𝑃𝑐ℎ𝑖𝑙𝑙 is the coefficienct of performance of the chiller.
With the above changes, the modeling equations presented for the D-CHP system
are also applicable for the D-CCHP system. Additional parameters for the D-CCHP
system are used to analyze the system performance. Rcool gives the ratio of the cooling
load to the overall thermal load, while Rheat gives the ratio of the building heating load to
the overall thermal load, and TD yields the thermal difference for the building, as shown
in the equations below.
𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝑄𝑐𝑜𝑜𝑙 + 𝑄𝑏
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(39)

𝑅𝑐𝑜𝑜𝑙 =

𝑄𝑐𝑜𝑜𝑙
𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑅ℎ𝑒𝑎𝑡 = 𝑄

𝑄𝑏
𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑇𝐷 = 𝑅ℎ𝑒𝑎𝑡 − 𝑅𝑐𝑜𝑜𝑙

(40)
(41)
(42)

Calculation of Savings
In this analysis, the performance of the D-CHP and D-CCHP configurations is
measured by savings over the reference case in terms of operating cost, PEC, and CDE.
The savings calculations are presented in the equations below. For the D-CCHP system
case, 𝐸𝑓𝑎𝑐 differs from 𝐸𝑏 because electricity required to meet cooling demand is not
included in 𝐸𝑏 . For the D-CHP case, 𝐸𝑓𝑎𝑐 and 𝐸𝑏 are equivalent. 𝐹𝑓𝑎𝑐 and 𝐹𝑏 are
equivalent for both D-CHP and D-CCHP cases.
The following equations yield operating cost, PEC, and CDE for the D-CHP or DCCHP cases and for the reference case, respectively.
𝑂𝑝𝐶𝑜𝑠𝑡𝐷𝐶𝐶/𝐶𝐻𝑃 = 𝐸𝑚 𝐶𝑜𝑠𝑡𝐹𝑒 + 𝐹𝑚 𝐶𝑜𝑠𝑡𝐹𝑓

(43)

𝑂𝑝𝐶𝑜𝑠𝑡𝑟𝑒𝑓 = 𝐸𝑓𝑎𝑐 𝐶𝑜𝑠𝑡𝐹𝑒 + 𝐹𝑓𝑎𝑐 𝐶𝑜𝑠𝑡𝐹𝑓

(44)

𝑃𝐸𝐶𝐷𝐶𝐶/𝐶𝐻𝑃 = 𝐸𝑚 𝑃𝐸𝐶𝐹𝑒 + 𝐹𝑚 𝑃𝐸𝐶𝐹𝑓

(45)

𝑃𝐸𝐶𝑟𝑒𝑓 = 𝐸𝑓𝑎𝑐 𝑃𝐸𝐶𝐹𝑒 + 𝐹𝑓𝑎𝑐 𝑃𝐸𝐶𝐹𝑓

(46)

𝐶𝐷𝐸𝐷𝐶𝐶/𝐶𝐻𝑃 = 𝐸𝑚 𝐶𝐷𝐸𝐹𝑒 + 𝐹𝑚 𝐶𝐷𝐸𝐹𝑓

(47)

𝐶𝐷𝐸𝑟𝑒𝑓 = 𝐸𝑓𝑎𝑐 𝐶𝐷𝐸𝐹𝑒 + 𝐹𝑓𝑎𝑐 𝐶𝐷𝐸𝐹𝑓

(48)

where 𝐶𝑜𝑠𝑡𝐹𝑒 , 𝐶𝑜𝑠𝑡𝐹𝑓 , 𝑃𝐸𝐶𝐹𝑒 , 𝑃𝐸𝐶𝐹𝑓 , 𝐶𝐷𝐸𝐹𝑒 , and 𝐶𝐷𝐸𝐹𝑓 are cost factors, PEC
conversion factors, and CDE factors for electricity and natural gas, respectively.
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If carbon credits for reduction of CDE are considered, then the CDE savings of DCHP or D-CCHP systems over the reference case can be evaluated as
(49)

Δ𝐶𝐷𝐸 = 𝐶𝐷𝐸𝑟𝑒𝑓 − 𝐶𝐷𝐸𝐷𝐶𝐶/𝐶𝐻𝑃
and the operating cost for D-CCHP or D-CHP systems can be further reduced by
𝐶𝐶
𝑂𝑝𝐶𝑜𝑠𝑡𝐷𝐶𝐶/𝐶𝐻𝑃
= 𝑂𝑝𝐶𝑜𝑠𝑡𝐷𝐶𝐶/𝐶𝐻𝑃 − Δ𝐶𝐷𝐸 ∙ 𝐶𝐶

(50)

where CC is the rate of carbon credits in $/ton CO2.
Savings of the D-CHP or D-CCHP configurations are presented as percent
variation with respect to the reference case and can be determined as
𝑂𝑝𝐶𝑜𝑠𝑡𝑠𝑎𝑣𝑖𝑛𝑔𝑠 =

𝑂𝑝𝐶𝑜𝑠𝑡𝑟𝑒𝑓 −𝑂𝑝𝐶𝑜𝑠𝑡𝐷𝐶𝐶/𝐶𝐻𝑃

𝑃𝐸𝐶𝑠𝑎𝑣𝑖𝑛𝑔𝑠 =

𝑂𝑝𝐶𝑜𝑠𝑡𝑟𝑒𝑓
𝑃𝐸𝐶𝑟𝑒𝑓 −𝑃𝐸𝐶𝐷𝐶𝐶/𝐶𝐻𝑃
𝑃𝐸𝐶𝑟𝑒𝑓
Δ𝐶𝐷𝐸

𝐶𝐷𝐸𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = 𝐶𝐷𝐸

𝑟𝑒𝑓
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∙ 100

∙ 100

∙ 100

(51)
(52)
(53)

CHAPTER III
FEASIBILITY OF A D-CHP SYSTEM FOR DIFFERENT BUILDING
CONFIGURATIONS

Introduction
In this chapter, the economic, energetic, and environmental feasibility of using
two power generation units to operate a combined heat and power system is evaluated.
Several benchmark buildings developed by the Department of Energy, simulated using
the weather data for Chicago, IL, are used to analyze the proposed configuration. This
location has been selected since it usually provides favorable CHP system conditions in
terms of operating cost and emissions reduction. For the proposed configuration, one
PGU is operated at base load to satisfy part of the electricity building requirement, while
the other is operated following the electric load. The dual-PGU configuration is modeled
for four different scenarios in order to determine the optimum operating range for the
selected benchmark buildings. The dual-PGU scenario is compared with the reference
building using a conventional SHP system to determine the benefits in terms of
operational cost, PEC, and CDE. The D-CHP system results are also compared to a CHP
system operating following the electric load and to a base-loaded CHP system. For three
of the selected buildings, the proposed D-CHP system provides comparable or greater
savings in operating cost, primary energy consumption, and carbon dioxide emissions
than the optimized conditions for base-loading and FEL. In addition, the effect of
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operating the D-CHP system only during certain months of the year on the overall
operational cost is also evaluated. Results indicate that refraining from operating the DCHP system during the months where the thermal load is low promises to be beneficial
for the overall system performance.
D-CHP System Performance
The D-CHP system was analyzed for four reference benchmark buildings with
different electric and thermal loads located in Chicago, IL. The representative buildings
used in this analysis are the full-service restaurant, the large hotel, the hospital, and the
secondary school. The selected benchmark buildings were simulated over a year with
Energy Plus software [48] using the weather data of Chicago, IL, and the output from the
simulations (electric and thermal loads) were used as inputs to the D-CHP system model
described in Chapter II. The specifications for each benchmark building, as well as the
electricity and gas requirements, are listed in Table 1.
Table 1

Building specifications [48]

511
11,345
22,422

Electric
Requirement
(kWh/yr)
314,713
2,789,891
9,214,636

Gas
Requirement
(kWh/yr)
544,085
3,153,216
4,683,124

Thermal
Load
(kWh/yr)
435,268
2,522,572
3,746,499

Yearly
Average
PHRb
0.72
1.11
2.46

19,592

3,031,373

2,470,571

1,976,457

1.53

Building Area
Restaurant
Large Hotel
Hospital
Secondary
School

(m2)

Parameters specified at the beginning of the simulation include efficiency of the
base-loaded PGU (PGU1), a and b parameters used to determine the efficiency of PGU2,
efficiencies of the heating system, of the heat recovery system, and of the boiler, as well
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as the factor that accounts for PGU energy losses before moving through the heat
recovery system. These are assumed values based on typical performance parameters
and are listed in Table 2. Costs of fuel and electricity, as well as primary energy
conversion factors and carbon dioxide emissions conversion factors for electricity and
fuel, for the city of Chicago, are listed in Table 3. Cost and PEC factors are determined
using TargetFinder [50] and CDE factors are found using eGRID data [51].
Table 2

Efficiency values

pgu1

Base-Loaded PGU (PGU1) Efficiency

a
b

PGU2 Efficiency parameters

h
hc
hrs
boiler


Heating System Efficiency
Efficiency of Building Heating System with CHP
Heat Recovery System Efficiency
Boiler Efficiency
PGU Energy Loss Factor

Table 3

0.30
2.3698
1.0322
0.80
0.80
0.80
0.80
0.95

Cost, PEC, and CDE factors for Chicago, IL

Electricity Cost
Natural Gas (Fuel) Cost
Primary Energy Conversion Factor – Electricity
Primary Energy Conversion Factor – Nat. Gas
CO2 Emission Factor – Electricity
CO2 Emission Factor – Natural Gas

CostFe
CostFf
PECFe
PECFf
CDEFe
CDEFf

0.086 ($/kWh)
0.031 ($/kWh)
3.546
1.092
0.542 (kg/kWh)
0.1836 (kg/kWh)

The operational cost savings of the D-CHP system, using several PGU1/PGU2
combinations, are shown for each of the selected buildings in Figure 5. The simulated
range for PGU1 is from a value that is less than the minimum hourly electricity required
(𝐸𝑚𝑖𝑛 ) by the building to a value that is slightly higher than 𝐸𝑚𝑖𝑛 . This would guarantee
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that if excess electricity is produced, it is a very small percentage that could be neglected
since net metering is not considered in this initial analysis. Smaller sized base-loaded
PGUs can allow for larger-sized PGUs operating FEL, and vice versa. Figure 5
illustrates that several different combinations of PGU1/PGU2 can yield lower operational
cost than the reference case and that PGU1/PGU2 combinations can be optimized to
provide the greatest savings over the reference case.

Figure 5

Operational cost savings for different PGU1/PGU2 combinations

(a) full-service restaurant (b) large hotel (c) hospital (d) secondary school
The optimum PGU1/PGU2 combination for the D-CHP system only satisfies a
portion of the yearly electrical requirement, so the D-CHP system strategy that yields
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greatest cost savings will still require some purchased electricity from the grid, similar to
a base-loaded strategy. While the D-CHP system performs comparably to or better than a
base-loaded CHP system or CHP system operated FEL, the PGUs used for the D-CHP
system do not need to be sized as large as they would be for a single-PGU operation
strategy. This finding suggests that the D-CHP system will not require a significantly
larger capital investment than conventional CHP system operation and can still provide
significant cost benefits. Another advantage of implementing a D-CHP configuration is
the ability to operate a single PGU only, if necessary, such as to perform routine
maintenance operations on the non-operational PGU.
Figure 5 also illustrates that, for the evaluated sizes of PGU1 and PGU2, the DCHP system can provide operational cost savings up to approximately $6,000/yr,
$40,000/yr, and $80,000/yr, for the restaurant, the large hotel, and the hospital,
respectively. However, for the secondary school, the D-CHP system yields higher
operational cost than the reference building for all PGU1/PGU2 combinations.
Now that it has been shown that the D-CHP system can provide operational cost
savings for three of the four selected buildings, it is important to compare its performance
with CHP-BL and CHP-FEL systems. In order to have a basis for comparison among the
D-CHP system, the CHP-BL system, and the CHP-FEL system, the optimum PGU sizes
for base-loaded only and FEL strategies were determined for each building configuration.
For both cases, CHP-BL and CHP-FEL, the system was operated using the same
efficiency values presented in Table 2. For the FEL strategy, the PGU was considered to
be non-operational when the minimum electrical output of the PGU was below 25% of
the maximum PGU output. The optimum PGU values for each case are listed in Table 4.
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Table 4

Optimum PGU sizes for each configuration

Optimum PGU for Optimum PGU for Optimum PGU1/PGU2
CHP-BL (kW)
CHP-FEL (kW)
for D-CHP (kW)
FS Restaurant
28
35
8/30
Large Hotel
175
200
150/100
Hospital
325
315
300/50
Secondary School
85
500
80/300
Building

The comparison of the D-CHP system savings over the reference case (with no
CHP system implementation) on the bases of operational cost, PEC, and CDE against the
savings of CHP-BL and CHP-FEL configurations for each of the selected buildings is
presented in Figure 6. The results presented in Figure 6 indicate good potential for the DCHP system. For the restaurant and the large hotel, the D-CHP system provides higher
savings than CHP-BL or CHP-FEL systems in terms of operational cost, PEC, and CDE.
For the restaurant, the D-CHP system yields 12.5% savings in operational cost over the
reference case, as opposed to 5.4% and 9.6% operational cost savings for CHP-BL and
CHP-FEL systems, respectively. Similar savings comparisons are seen in PEC and CDE
for the restaurant. The large hotel shows savings trends similar to those of the fullservice restaurant. For the hospital, the D-CHP system performs very comparably to the
optimum base-loaded configuration. In this case, base-loading yields the greatest cost
savings over the reference case with 8.5%, 11.3%, and 9.1% savings in operational cost,
PEC, and CDE, respectively. Comparably, the D-CHP system yields 8.47%, 11.56%,
and 9.71% savings in the same respective parameters. However, for the secondary
school, the D-CHP system outperforms CHP-BL and CHP-FEL systems, but still does
not produce operational cost savings compared with the reference case. However, the D30

CHP system does provide PEC savings in this case, and it is the only configuration that
has an advantage in CDE over the reference case.

Figure 6

Savings in operational cost, PEC, and CDE for full-service restaurant, large
hotel, hospital, and secondary school

Power to Heat Ratio and D-CHP System Performance
Table 1 presents the yearly average PHRb for all the evaluated buildings. As can
be seen in Table 1, the restaurant and the large hotel have the lowest yearly average
PHRb, 0.72 and 1.11, respectively. The D-CHP system shows a good performance for
these two buildings which may lead to the conclusions that a low yearly average PHRb is
beneficial to obtain operational cost savings. For the hospital, which has a yearly average
PHRb of 2.46, the D-CHP system still shows a good performance compared with the
reference case. However, for the secondary school, which has a yearly average PHRb of
1.53, the D-CHP system does not perform better than the reference case in terms of
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operational cost. Therefore, it can be observed that the use of the yearly average PHRb to
predict or estimate the potential cost savings from a D-CHP system could be misleading.
For this reason, monthly average PHRb are evaluated to determine if they can be
used as indicating factors to predict the economic feasibility of a D-CHP system. Figure
7 illustrates the monthly operational cost savings and the monthly PHRb for the selected
buildings. Figure 7(a), (b), and (c) show that for the restaurant, the large hotel, and the
hospital, the D-CHP system provides operational cost savings for all months. Also,
results indicate that, in general, the D-CHP system is able to provide better savings for
the months with lower PHRb. For the restaurant, the large hotel, and the hospital, the
maximum PHRb were 1.62, 2.32, and 3.56, respectively. On the other hand, for the
secondary school (Figure 7(d)), monthly savings are achieved only from November to
April. For the other months, the operational cost of the D-CHP system is higher than the
reference case, though D-CHP system operation for October is significantly less
expensive than for May, June, July, August, and September. Figure 7(d) illustrates that
for high monthly PHRb, the D-CHP system is not a good option since it is not able to
provide any savings. For the months of May, Jun, July, August, and September, the
PHRb are 6.2; 21.6; 45.8; 36.5; and 13.0, respectively. For the month of October, the cost
of operation of the D-CHP system is about $280 more than the reference case, even
though the PHRb for this month is only 2.4. In general, the results presented in Figure 7
indicate that low monthly PHRb is required for the good performance of D-CHP systems.
For the four evaluated buildings, it seems that monthly PHRb above 5.0 indicates that the
D-CHP system will not be able to provide cost savings during that month. This criterion
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works for all the cases examined except for the month of October for the secondary
school building, which may be influenced by the high PHRb from the previous month.

Figure 7

Monthly cost savings and PHRb

(a) full-service restaurant (b) large hotel (c) hospital (d) secondary school
Using this criterion for the secondary school, it can be seen that the D-CHP
system should not be operated during the months of May through September. Figure 8
shows the variation in percentage of the operational cost, PEC, and CDE with respect to
the reference case and with respect to the D-CHP system operating the whole year for an
optimized D-CHP system (D-CHPopt) operating only during months with PHRb below
5.0. This figure illustrates that operating the D-CHPopt system for only seven months of
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the year reduces operational cost, PEC, and CDE by 2.9%, 6.6%, and 4.3%, respectively,
compared with the reference case. In addition, the D-CHPopt system performed much
better than the D-CHP system operated over the entire year. The D-CHPopt system
reduces the operational cost, PEC, and CDE by 4.2%, 0.3% and 2.6%, respectively,
compared with year-long D-CHP system operation. This result indicates that, in order to
obtain cost savings over the reference case, the D-CHP system should be operated only
during the months that have low PHRb.

Figure 8

Operation cost, PEC, and CDE savings for D-CHPopt and D-CHP systems
for secondary school

Conclusions
The initial analysis of the D-CHP configuration presented in this chapter shows
that a D-CHP system can be a feasible alternative to single PGU CHP system
implementation strategies. It is illustrated that the D-CHP system performs comparably
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to or better than CHP-BL and CHP-FEL system strategies for all of the buildings
examined. While CHP system strategies are not viable in terms of operating cost for
every scenario, such as the secondary school, the D-CHP system shows promising results
for the configurations where other CHP system strategies are viable.
Additionally, PHRb as an indicating parameter was also considered in this
analysis. It was found that yearly PHRb is not indicative of D-CHP system performance,
but monthly PHRb can be used to optimize the D-CHP system operational scheme.
Operating the D-CHP system only during months with low PHRb can yield better overall
D-CHP system performance than operating a D-CHP system over the course of an entire
year.
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CHAPTER IV
D-CHP SYSTEM PERFORMANCE IN VARIOUS CLIMATE CONDITIONS

Introduction
In this chapter, the potential carbon dioxide emissions reduction from the use of a
combined heat and power configuration with two power generation units is examined for
a full-service restaurant benchmark building, located in nine different climate conditions.
The performance of the D-CHP system is compared to the reference case, in which no
CHP configuration is employed, on the bases of CDE savings and of operational cost
savings over a reference case. In addition, the results from the D-CHP system optimized
scheme are compared to the optimized results of a base-loaded CHP configuration and a
CHP configuration operated following the electric load. Results show that the D-CHP
system produces greater savings over the CHP-BL and CHP-FEL systems for most of the
locations examined, whether optimized based on cost or based on CDE.
Furthermore, the effect of the emissions spark spread and cost spark spread on the
D-CHP system performance is analyzed for each location. Results indicate that, in
general, higher spark spreads are shown to yield greater savings over the reference case
for all CHP configurations. For the evaluated case, results show that an emissions spark
spread above 0.32 kg/kWh has the potential to produce favorable emissions savings over
the reference case for a D-CHP system configuration, while a cost spark spread above
0.044 $/kWh shows D-CHP system potential for cost savings over the reference case.
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When optimized based on CDE, seven of the nine cities examined show favorable DCHP system CDE savings, and seven locations also show favorable cost savings. When
optimized based on cost savings, eight of the nine cities show favorable cost savings with
the D-CHP system, and still seven of the nine locations show favorable CDE savings.
Table 5 presents the CDE factors and the cost factors for electricity and natural
gas for each of the evaluated cities. In addition, it shows the cost and emission spark
spreads for all locations. The results presented in this chapter include the variation of
CDE and of operational cost for a D-CHP system for a restaurant building in nine
locations with different climate conditions. The building specifications of the full-service
restaurant are listed in Table 6 for each location. The results from the CHP system are
compared with an optimum CHP-BL system and an optimum CHP-FEL system. First,
all CHP configurations are optimized based on CDE reduction, and the corresponding
operational costs are obtained. Second, the systems are optimized based on operational
cost, and the corresponding emissions are determined for each case.
Table 5

Cost factors, CDE factors, and spark spreads for each location

City
Seattle
Phoenix
Minneapolis
Helena
Chicago
Houston
Baltimore
San Francisco
Fairbanks

CostFe
($/kWh)
0.068
0.085
0.075
0.082
0.086
0.102
0.123
0.119
0.147

CostFf
($/kWh)
0.041
0.041
0.031
0.034
0.031
0.031
0.041
0.031
0.031

CDEFe
(kg/kWh)
0.163
0.553
0.72
0.714
0.524
0.668
0.586
0.318
0.502
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CDEFf
(kg/kWh)
0.1836
0.1836
0.1836
0.1836
0.1836
0.1836
0.1836
0.1836
0.1836

SScost
SSCDE
($/kWh) (kg/kWh)
0.027
-0.021
0.044
0.369
0.044
0.536
0.048
0.53
0.055
0.34
0.071
0.484
0.082
0.402
0.088
0.134
0.116
0.318

Table 6

Full-service restaurant specifications [48]

City

Area

Electric
Requirement

Seattle
Phoenix
Minneapolis
Helena
Chicago
Houston
Baltimore
San Francisco
Fairbanks

(m2)
511
511
511
511
511
511
511
511
511

(kWh/yr)
298,559
362,410
310,787
305,544
314,713
358,799
321,002
297,252
294,341

Gas Requirement Thermal Load
(kWh/yr)
472,575
313,121
617,087
566,079
544,085
332,573
477,706
392,165
927,771

(kWh/yr)
378,060
250,496
493,669
452,863
435,268
266,058
382,165
313,732
742,217

D-CHP System Optimized Based on CDE
As mention previously, the D-CHP system is initially optimized based on CDE
reduction. Table 7 presents the PGU size combination that provides the optimum CDE
reduction for the D-CHP system. The optimum PGU sizes for the CHP-BL system and
for the CHP-FEL system based on CDE reduction are also included in Table 7. Results
indicate that for the D-CHP system, the PGU1/PGU2 combinations vary with the
locations of the facility. The size of PGU1 varies between 10 and 15 kW with the
exception of Seattle, which requires the lowest available PGU size to be able to optimize
the CDE emissions. On the other hand, PGU2 varies from 10 kW to 30 kW depending
on the location. For the city of Seattle, the emissions spark spread is negative.
Therefore, in terms of emission, it is more beneficial to buy electricity from the grid (low
emissions factor) than to use natural gas to generate electricity. It can also be seen that,
for most cases employing the D-CHP system configuration, PGU1 is smaller than or
equal to PGU2 with the exception of San Francisco. This can be explained due to the low
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electricity emission factor for this city. In addition, the PGU1/PGU2 combination sizes
(PGU1 + PGU2) are similar to the PGU size required for base-loading operation and
following the electric load operation.
Table 7

PGU sizing based on optimum CDE

City
Seattle
Phoenix
Minneapolis
Helena
Chicago
Houston
Baltimore
San Francisco
Fairbanks

D-CHP (kW)
PGU1
PGU2
5
5
15
15
15
30
12
30
10
30
15
25
15
25
15
10
10
30

CHP-BL
(kW)
5
25
35
35
28
30
30
16
35

CHP-FEL
(kW)
5
30
40
40
35
35
40
20
40

Figure 9 presents CDE savings of CHP configurations optimized based on CDE
for a full-service restaurant building in multiple locations. Additionally, it shows the
CDE spark spread for all locations. It can be seen that, for all CHP configurations,
higher emissions spark spreads provide better CDE reduction. The only two cities where
none of the CHP configurations provide CDE savings are Seattle and San Francisco.
Both cities have low electricity emission factors and therefore low emissions spark
spread. For the case of Seattle, the CDE spark spread is negative, while for San
Francisco, it is only about 0.134 kg/kWh. The D-CHP system provides better CDE
reduction than the other CHP configurations for all of the evaluated cities with the
exception of Seattle. Note that the minimum PGU size for each city is maintained at 5
kW, in order to provide a realistic minimum generator size. Seattle requires the
minimum size generator for CDE optimization. Thus, for single PGU operations such as
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CHP-BL and CHP-FEL systems, the minimum-sized generator produces only 5 kW.
However, for dual PGU operation, each minimum-sized generator produces 5 kW,
yielding a larger output than either single PGU scheme. The city that presents the highest
CDE reduction is Helena, 30% with respect to the reference case for a D-CHP system
operation. On the other hand, the city of Fairbanks is the one that shows the lowest
emissions reduction. For this city, the CDE spark spread is 0.318 kg/kWh; therefore, for
the evaluated building, it can be assumed that CDE spark spread above 0.32 kg/kWh will
potentially provide CDE savings for D-CHP systems operation.

Figure 9

CDE savings and CDE spark spread – CDE optimization

Figure 10 illustrates the operational cost associated with the results presented in
Figure 9 when all the CHP configurations are optimized based on CDE. This figure
clearly illustrates that optimizing the systems based on emissions does not guarantee the
best operational cost savings. For example, when the system is optimized based on CDE
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for Phoenix, the operational cost is higher than the one obtained for the reference case for
all CHP configurations. Another interesting example is San Francisco. When the
building is optimized based on CDE for this city, the D-CHP system still produces
approximately 4.1% more emissions than the reference building. However, the D-CHP
system is able to reduce the operational cost by 25.4% with respect to the reference case.
The use of a D-CHP system guarantees cost savings for all cities except for Seattle and
Phoenix when the system is optimized based on CDE. These two cites present very low
cost spark spreads. For Seattle it is $0.027/kWh while for Phoenix is $0.044/kWh.

Figure 10

Operational cost savings and cost spark spread – CDE optimization

D-CHP System Optimized Based on Operational Cost
The D-CHP system is also optimized based on operational cost. Table 8 presents
the PGU size combination that provides the optimum operational cost reduction for the
D-CHP system. This table also includes the optimum PGU size for the CHP-BL system
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and the CHP-FEL system based on cost reduction as well. This table indicates that for
the D-CHP system, the PGU1/PGU2 combinations vary with the locations of the facility.
The size of PGU1 varies between 8 and 15 kW while PGU2 varies from 20 kW to 35 kW
with the exception of Phoenix, where PGU2 is 5 kW. It can be seen that, for the D-CHP
system, for most of the cases, PGU1 is smaller than or equal to PGU2 with the exception
of Phoenix. In addition, similar to the previous case, the PGU1/PGU2 combination sizes
(PGU1 + PGU2) are comparable to the PGU size required for based loading operation
and following the electric load operation.
Table 8

PGU sizing based on optimum operational cost

City
Seattle
Phoenix
Minneapolis
Helena
Chicago
Houston
Baltimore
San Francisco
Fairbanks

D-CHP (kW)
PGU1
PGU2
10
20
15
5
10
25
8
30
8
30
15
20
10
30
15
25
10
35

BL-CHP
(kW)
15
15
25
24
28
25
30
34
40

CHP-FEL
(kW)
20
20
35
35
35
30
35
35
45

Figure 11 shows the operational cost savings for all of the CHP configurations in
different locations. It also shows the cost spark spread for all locations. This figure
illustrates that higher cost spark spread provides more cost savings with the CHP system
operation. It can also be seen that the D-CHP system is able to provide savings, even
when CHP-BL and CHP-FEL systems do not produce savings, for all locations with the
exception of Seattle, which presents the lowest cost spark spread. The city of Phoenix
shows CHP system operational costs similar to that of the reference case. For this city,
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the cost spark spread is $0.044/kWh; therefore, for this specific facility, it can be
assumed that if the cost spark spread is above $0.044/kWh a D-CHP system will provide
operational cost savings with respect to the reference case. Fairbanks is the city that
presents highest spark spread of $0.12/kWh and yields high cost savings compared with
the reference case (31%).

Figure 11

Operational cost savings and cost spark spread – Cost optimization

Figure 12 presents the CDE savings that correspond to the optimized cost savings
shown in Figure 11. Emissions savings are achieved for all cities with the exception of
Seattle and San Francisco. Similar to the results presented in Table 7Figure 9 and Table
7Figure 10, when the CHP systems are optimized based on cost, the results obtained for
CDE may not be the best. For example, for the city of San Francisco, optimizing the DCHP system operation based on cost provides a cost reduction of 31% while increasing
the emissions by 13% compared with the reference case. Similarly, optimizing the D43

CHP system operation based on cost for Seattle still yields a cost 7% higher than the
reference case while increasing the emissions by 33%.

Figure 12

CDE savings and CDE spark spread – Cost optimization

Conclusions
The results indicate that it is necessary to optimize the D-CHP system operation
based on CDE and on operational cost to be able to determine which optimization scheme
will provide both emissions and cost benefits. Figure 13 shows the best optimization
case for all of the evaluated cities. In general, for most cases, the D-CHP system can be
optimized based on CDE reduction while still obtaining good operational cost savings.
For the cities of Seattle, Minneapolis, Helena, and San Francisco, it is more beneficial to
optimize the system based on emission, since it will provide the best maximum CDE
reduction while still providing operational cost savings. For the cities of Chicago,
Houston, Baltimore, and Fairbanks, optimizing the system based on cost or CDE provide
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similar results, therefore it can be assumed that these cities can be optimized based on
emissions. The D-CHP system in Phoenix needs to be optimized based on cost since
otherwise the CHP system operation would be more expensive than the reference case.
For this case, the system operational cost is similar to the cost of the reference case while
providing around 11% reduction of CDE.

Figure 13

Cost and CDE savings for best D-CHP system optimization scheme

The D-CHP system is able to provide CDE reduction in seven of the nine
evaluated cities. The reduction varies from 9% to 30% with respect to the reference case.
For this reason, with the implementation of carbon credits, the application and
implementation of a D-CHP system would be even more attractive from the economic
point of view.
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CHAPTER V
D-CHP SYSTEM UNDER DIFFERING OPERATIONAL STRATEGIES

Introduction
In this chapter, the performance of a D-CHP configuration with PGU2 operating
FTL is compared to the performance of the D-CHP configuration where PGU2 operates
FEL. The D-CHP system is analyzed for a full-service restaurant benchmark building in
four different climate locations; Atlanta, GA; San Francisco, CA; Duluth, MN; and
Phoenix, AZ. In addition, the effect of thermal energy storage on operational cost and
CDE reduction is examined for the D-CHP configuration. The D-CHP system results,
with and without thermal storage, are compared to those of a single PGU CHP
configuration operated base-loaded, FEL, or FTL. Results indicate that, in general, a DCHP configuration operating either FEL or FTL provides greater benefits than any single
PGU CHP configuration analyzed. The addition of TS is shown to enhance the potential
benefits of D-CHP system operation in terms of operational cost and CDE savings.
To evaluate the different operational strategies for the D-CHP system, the electric
and thermal requirements of the facility need to be known for each location. The yearly
electricity and gas requirements for each location are listed in Table 9.
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Table 9

Electricity and gas requirements for selected locations [48]

City
Atlanta
San Francisco
Duluth
Phoenix

Facility Electricity
(kWh/yr)
329,298
297,252
298,440
361,487

Facility Fuel
(kWh/yr)
391,340
392,165
703,308
313,180

The efficiency values used for the simulations presented in this chapter are shown
in Table 10. The cost and CDE factors for electricity and natural gas are presented for
each location in Table 11.
Table 10

Efficiency values
Base-Loaded PGU (PGU1) Efficiency
PGU2 Efficiency parameters

Heating System Efficiency
Efficiency of Building Heating System with CHP
Heat Recovery System Efficiency
Boiler Efficiency
PGU Energy Loss Factor

Table 11

pgu1
a
b

h
hc
hrs
boiler


0.30
2.3698
1.0322
0.80
0.80
0.80
0.85
0.95

Cost and CDE factors for selected locations

City
Atlanta
San Francisco
Duluth
Phoenix

CostFe
($/kWh)
0.089
0.120
0.075
0.085

CostFf
($/kWh)
0.0383
0.029
0.0304
0.0411

CDEFe
CDEFf Cost Ratio Emission
(kg/kWh) (kg/kWh)
(CR)
Ratio (ER)
0.601
0.194
2.3
3.3
0.299
0.194
4.1
1.6
0.371
0.194
2.5
4.0
0.540
0.194
2.1
2.9
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Comparison of Different Operational Strategies
Five different D-CHP system operational strategies are compared in this chapter:
(a) CHP-BL, (b) CHP-FEL, (c) CHP-FTL, (d) D-CHP system with PGU2 operated FEL
(D-CHP-FEL), and (e) D-CHP system with PGU2 operated FTL (D-CHP-FTL). For
each location, the same PGU size was maintained for cases (a), (b), and (c), while the
same PGU1/PGU2 size combination was maintained for cases (d) and (e). The
PGU1/PGU2 size combination was selected to provide similar electricity production as
the PGU selected for scenarios (a), (b), and (c). For the CHP-FTL system or the D-CHPFTL system, export electricity is not considered since this is not available at all locations.
Figure 14 shows the reduction in operational cost and CDE for the evaluated
building located in Atlanta. For the single PGU cases, a PGU size of 20 kW provides the
optimum reduction in operational cost for the CHP-BL configuration, while a PGU size
of 25 kW provides the optimum reduction in operational cost for CHP-FEL and CHPFTL systems. Therefore, a PGU size of 25 kW is used to simulate the performance of the
CHP-BL, CHP-FEL, and CHP-FTL systems for consistency, since the performance of the
CHP-BL system is not significantly diminished by operating a 25 kW PGU instead of a
20 kW PGU. It can be observed from Figure 14 that the CHP-FTL system provides the
highest cost reduction (2.9%), while the CHP-FEL system provides the highest CDE
reduction (15.4%) among the single PGU CHP system options. For D-CHP system
operation, PGU1 and PGU2 simulation sizes are 15 kW and 20 kW, respectively. Results
indicate that operation of a D-CHP-FEL system increases cost reduction to 4.5% with a
16.7% reduction in CDE. A D-CHP-FTL system provides the greatest benefit in terms of
emissions reduction (24.4%). In general, these results indicate that the use of a D-CHP
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configuration can provide improved benefits in terms of cost and CDE reductions over a
single PGU CHP system operational strategy. For Atlanta, the D-CHP-FEL system
provides best overall option since it yields highest operational cost savings while still
providing a nearly 17% reduction in CDE.

Figure 14

Cost and CDE reduction for evaluated building located in Atlanta

Figure 15 illustrates the results for a building located in San Francisco. In this
case, a PGU size of 30 kW, which provides the best operational cost savings, is used to
simulate the performance of the CHP-BL, CHP-FEL, and CHP-FTL systems. Figure 15
indicates that all single PGU CHP systems are able to reduce the operational cost, but
none of them reduce CDE. This is due to the low CDE factors in this region. CHP-FEL
and CHP-BL systems show similar cost reduction (30%), while the CHP-FTL system
diminishes the negative impact of CDE (-7.3%) the most among the single PGU cases.
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For the D-CHP system scenarios, 10 kW and 20 kW sizes are used for PGU1 and PGU2,
respectively. Results indicate that the D-CHP-FEL system provides a cost reduction of
approximately 32% but increases CDE by roughly 7.8%. For the five cases considered,
only the D-CHP-FTL system is able to provide a reduction in CDE with respect to the
reference case (7.8%). The D-CHP-FTL system also provides 26.5% cost reduction.
Therefore, for San Francisco, the D-CHP-FTL system is the most attractive
configuration.

Figure 15

Cost and CDE reduction for evaluated building located in San Francisco

Figure 16 presents results for the city of Duluth. For this case, a PGU size of 30
kW provides the highest cost savings for the CHP-BL system, while a PGU size of 35
kW provides the best cost savings for CHP-FEL and CHP-FTL configurations. A PGU
size of 35 kW is therefore used for the single PGU operational strategies to maintain
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consistency. For the single PGU configurations, the CHP-FEL system provides the
greatest cost reduction benefit (4.1%) and CDE reduction benefit (24.8%). It is important
to highlight that, for all five cases considered, there is a significant reduction in CDE, due
to the high CDE factors for electricity in Duluth. For the D-CHP system operation,
PGU1 and PGU2 sizes of 10 kW and 20 kW, respectively, are used. The D-CHP-FEL
system yields the greatest reduction in cost (6.9%), while the D-CHP-FTL system yields
the greatest CDE reduction (58%). In this case, both D-CHP system operational
strategies provide excellent results, and the selection of one or the other depends on the
relative importance of cost against CDE.

Figure 16

Cost and CDE reduction for evaluated building located in Duluth

Figure 17 presents results for the city of Phoenix. For this case, a PGU size of 20
kW is used to simulate performance of CHP-BL, CHP-FEL, CHP-FTL systems. CHP51

BL and CHP-FEL systems yield higher operational costs than the reference case, while
the CHP-FTL system provides a slight operational cost reduction. However, all of the
single PGU operational strategies are able to reduce CDE by about 9%. For the D-CHP
system operational strategy, PGU1 and PGU2 sizes of 10 kW each are used in simulation.
The D-CHP configurations do not improve performance in terms of operational cost. The
D-CHP-FEL system provides CDE savings similar to those of the single PGU cases,
while the D-CHP-FTL system produces CDE emissions similar to those of the reference
case. For this city, the addition of a CHP or D-CHP system yields benefits only in terms
of CDE.

Figure 17

Cost and CDE reduction for evaluated building located in Phoenix
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Cost Ratio and Emissions Ratio Correlation
The results presented in Figure 14 through Figure 17 reflect that there is a strong
relationship between cost reduction potential and cost ratio (CR) for each location, where
the cost ratio is defined as the ratio between electricity cost and fuel cost. The cost ratios
for the evaluated cities are 2.3, 4.1, 2.5, and 2.1 for Atlanta, San Francisco, Duluth, and
Phoenix, respectively. San Francisco shows the greatest benefit in terms of cost
reduction from the implementation of a D-CHP system, and it also has the highest CR.
On the other hand, Phoenix has the lowest cost ratio and benefits least in terms of
operational cost from CHP or D-CHP system implementation.
Similarly a strong relation can be seen between CDE reduction potential and
emission ratio (ER) for each location. The ER is defined as the ratio between the CDE
factor for electricity and the CDE factor for fuel. The ER for the evaluated cities are 3.3,
1.6, 4.02, and 2.9 for Atlanta, San Francisco, Duluth, and Phoenix, respectively. The city
with the highest ER, Duluth, is the city that benefits most from application of a D-CHP
system in terms of emissions.

San Francisco has the lowest ER and benefits least from

D-CHP system operation in terms of emissions.
In general, higher cost ratios yield greater operational cost benefits for D-CHP
system operation. Similarly, higher emissions ratios yield greater benefits in terms of
CDE for D-CHP system operation.
Effect of Thermal Energy Storage on D-CHP System Performance
For a D-CHP system operating FEL, there are times during the day when the heat
recovered exceeds the amount needed to satisfy the thermal demand of the facility. This
excess thermal energy can be stored to be used at a later time when additional heat is
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needed to satisfy the building thermal demand. The effect of thermal storage on
operational cost and CDE for a D-CHP-FEL system, as well as CHP-BL and CHP-FEL
systems, is analyzed in this section. For these simulations, a thermal storage tank with a
maximum capacity of 220 kWh is used. If the thermal storage system reaches its
maximum capacity, the excess heat is discarded. In general, the addition of TS is
beneficial for all evaluated systems in terms of both cost and emissions.
Figure 18 illustrates the cost and CDE reduction for D-CHP-FEL, CHP-BL, and
CHP-FEL systems with and without TS for the city of Atlanta. For this case, the addition
of TS to the D-CHP-FEL system improves the cost reduction from 4.5% without TS to
7.9% with TS. Similarly, the CDE reduction was increased from 16.7% to 19.4%. This
is due to the fact that the amount of fuel energy needed to operate the auxiliary boiler is
reduced with the addition of TS. A similar trend is observed for both CHP-BL and CHPFEL systems.

Figure 18

Effect of TS on cost and CDE reduction in Atlanta
54

Figure 19 shows the cost and CDE reduction for the D-CHP-FEL, CHP-BL, and
CHP-FEL configurations with and without TS for the city of San Francisco. Results
show that, even though the D-CHP-FEL system increases CDE with respect to the
reference case, the addition of TS is able to reduce the emissions compared to a D-CHPFEL system without TS. The same trend is observed for CHP-BL and CHP-FEL
systems. The addition of TS does not present significant improvements on operational
cost or on emissions for this city. Cost reduction is slightly improved from 34.8% to
35.1% with the addition of TS to a D-CHP-FEL system, and CDE savings are improved
from -10.9% to -4.2% for this case.

Figure 19

Effect of TS on cost and CDE reduction in San Francisco

Figure 20 shows the cost and CDE reduction for D-CHP-FEL, CHP-BL, and
CHP-FEL systems with and without the addition of TS for the city of Duluth. In this
case, the addition of TS improves the cost reduction of the D-CHP-FEL system from
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6.9% to 8.5%. Similarly, the CDE reduction is improved from 26.3% to 27.5%. The
same trend is observed for CHP-BL and CHP-FEL systems.

Figure 20

Effect of TS on cost and CDE reduction in Duluth

Figure 21 shows the cost and CDE reduction for the D-CHP-FEL, CHP-BL, and
CHP-FEL configurations with and without TS for the city of Phoenix. For this case, the
addition of TS allows all configurations to achieve operational cost savings, which are
not achieved without TS. The D-CHP-FEL-TS system provides a reduction over the
reference case of 4.8% and 14.4% in operational cost and CDE, respectively, as opposed
to -0.6% and 10.2% savings for the case without TS. Similar improvements are seen for
CHP-BL and CHP-FEL systems with the addition of TS.
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Figure 21

Effect of TS on cost and CDE reduction in Phoenix

In general, the city that shows the most benefits from the addition of TS is
Phoenix, where the operational cost and CDE have, approximately, an additional 5.3%
and 4.2% reduction. The city that benefits the least from TS is San Francisco, where the
cost is only reduced by an additional 1.0% and CDE by an additional 3.0%. These results
can be partially explained by using building power to heat ratio. The use of TS is most
beneficial during summer months, when PHRb is relatively high. The monthly PHRb is
presented in Table 12. For the months of May to September, it can be seen that Atlanta
and Phoenix have high PHRb while San Francisco and Duluth have relatively low PHRb.
For this reason, Phoenix and Atlanta seem to benefit more from the addition of TS than
San Francisco and Duluth.
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Table 12

Building power to heat ratio for selected locations

Month

Atlanta

Jan.
Feb.
Mar.
Apr.
May
Jun.
Jul.
Aug.
Sep.
Oct.
Nov.
Dec.

0.599
0.654
0.870
1.109
1.448
1.633
1.771
1.735
1.617
1.205
0.845
0.665

San
Francisco
0.725
0.859
0.832
0.908
1.006
1.067
1.150
1.148
1.187
1.093
0.945
0.746

Duluth

Phoenix

0.313
0.330
0.388
0.523
0.733
1.040
1.225
1.112
0.854
0.624
0.440
0.334

0.921
0.935
1.266
1.501
1.747
2.085
2.144
2.082
1.924
1.582
1.243
0.875

Figure 22 and Figure 23 show the effect of TS capacity on cost and CDE
reduction of the D-CHP-FEL configuration for the cities of Phoenix and San Francisco,
respectively. In general, it can be seen that the benefits of TS increase with capacity, up
to a threshold point after which the reduction in cost or CDE does not vary significantly.
For the case of Phoenix, operational cost savings increase until the TS capacity reaches
approximately 250 kWh. After this threshold point, cost savings remain nearly constant
at about 4.76%. Similarly, CDE savings increase until the threshold capacity of 250kWh
is reached, where savings remain at about 14.3%. For San Francisco, the addition of TS
capacity most significantly affects the CDE reduction. For this city, the threshold point is
at 300 kWh, where CDE savings remain at 4.76% and cost savings at 32.9%. However,
for this location, the addition of TS has a nearly negligible effect on cost savings,
increasing from 32.8% to 32.9% as capacity is increased from 100 kWh to 300 kWh.
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Figure 22

Effect of TS on cost and CDE reduction for Phoenix

Figure 23

Effect of TS on cost and CDE reduction for San Francisco
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Conclusions
In this chapter, the D-CHP configuration is expanded to include a scenario when
PGU2 operates FTL. It is found that the D-CHP system, with PGU2 operating either
FEL or FTL, generally yields better savings in terms of operational cost and emissions
than single PGU CHP configurations such as CHP-BL, CHP-FEL, or CHP-FTL systems.
It is also shown that cities with higher cost ratios and emission ratios tend to achieve
greater benefits in cost and CDE with the implementation of a D-CHP or CHP system.
In general, the addition of thermal storage to a D-CHP or CHP configuration
improves operational cost and CDE savings for D-CHP and CHP system operations.
Facilities having higher monthly power to heat ratios receive the most benefits through
the addition of TS to a D-CHP or CHP configuration. Finally, it is shown that the
benefits of TS increase with TS capacity up to a threshold point.
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CHAPTER VI
PERFORMANCE OF D-CCHP CONFIGURATION

Introduction
In this chapter, the benefits of using a combined cooling, heating, and power
system with dual power generation units (D-CCHP) is examined in nine different climate
conditions in several U.S. locations. In the D-CCHP system, one power generation unit
(PGU) is operated at base load to satisfy part of the electricity building requirements,
while the other is used to satisfy the remaining electricity requirement operating
following the electric load. The waste heat from both PGUs is used toward meeting the
heating demand and toward meeting the cooling demand via an absorption chiller. The DCCHP configuration is studied for a full-service restaurant benchmark building, and its
performance is quantified in terms of operational cost savings, primary energy
consumption (PEC), and carbon dioxide emissions (CDE). Cost spark spread, PEC spark
spread, and CDE spark spread are examined as performance indicators for the D-CCHP
system. The performance of the D-CCHP system, in terms of operational cost, PEC, and
CDE savings over the separate heat and power (SHP) reference case, correlates well to
the respective spark spreads, with higher spark spreads signifying greater savings with
the implementation of a D-CCHP system. The performance of the proposed D-CCHP
configuration is also compared to the performance of a dual power generation unit
combined heat and power system (D-CHP). A new parameter, the thermal difference, is
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introduced and used to investigate the relative performance of a D-CCHP system
compared to a D-CHP system. It is shown that the thermal difference, together with
spark spread, can be used to explain the variation in savings of a D-CCHP system over a
D-CHP system for each location. Finally, the effect of carbon credits on operational cost
savings with respect to the reference case is shown for selected locations.
D-CCHP System Performance and Spark Spreads
The building heating demand and the building electric demand are determined by
running year-long EnergyPlus [48] hourly simulations for the selected building (fullservice restaurant) in each of the nine U.S. locations examined: Seattle, WA; Phoenix,
AZ; Minneapolis, MN; Helena, MT; Chicago, IL; Houston, TX; Baltimore, MD; San
Francisco, CA; and Fairbanks, AK. The D-CCHP system model has been applied to a
full-service restaurant building of 511 m2. Hourly simulations were performed for the
building in each location over the course of one year. The total building electric
requirement (Efac), electricity required for cooling (Ecool), and facility gas requirement
(Ffac) over the year are given in Table 13. All of the efficiency values assumed for this
simulation are listed in Table 14.

62

Table 13

Building requirements for each location [48]

City
Seattle
Phoenix
Minneapolis
Helena
Chicago
Houston
Baltimore
San Francisco
Fairbanks

Table 14

Electric
Electric requirement
Gas requirement
requirement for
for facility (Efac)
(Ffac)
cooling (Ecool)
(kWh/yr)
(kWh/yr)
(kWh/yr)
298,559
3,950
472,575
362,410
63,356
313,121
310,787
14,490
617,087
305,544
8,138
566,079
314,713
18,113
544,085
358,799
59,479
332,573
321,022
23,859
477,706
297,252
2,800
392,165
294,341
1,733
927,771

D-CCHP system efficiency values

Symbol
ηPGU1
ηh
COPvc
ηh,CCHP
COPchill
ηhrs
ηboiler
ξ
a
b

Description
PGU1 efficiency
Efficiency of the building’s heating system
COP for the building’s vapor compression system
Efficiency of the heating system used for D-CCHP
COP for the chiller used in D-CCHP configuration
Efficiency of heat recovery system
Boiler efficiency
PGU energy loss factor
PGU2 efficiency parameter
PGU2 efficiency parameter

Value
0.3
0.8
3
0.8
0.8
0.8
0.8
0.95
2.3698
1.0322

The cost of electricity and natural gas [50], PEC conversion factors [52], and
CDE conversion factors [51] for each location are listed in Table 15, along with the
corresponding spark spreads. The cost spark spread, SScost, is defined as the difference in
electricity and fuel cost, the PEC spark spread, SSPEC, as the difference in electricity and
fuel PEC conversion factors, and the CDE spark spread, SSCDE, as the difference in
electricity and fuel CDE conversion factors [37][53].
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Table 15
City
Seattle
Phoenix
Minn.
Helena
Chicago
Houston
Baltimore
San Fran.
Fairbanks

Cost, PEC, and CDE factors and spark spreads
CostFe
$/kWh
0.068
0.085
0.075
0.082
0.086
0.102
0.123
0.119
0.147

CostFf
CDEFe CDEFf
PECFe PECFf
$/kWh
kg/kWh kg/kWh
0.041 1.81
1.09
0.163 0.1836
0.041 3.06
1.09
0.553 0.1836
0.031 3.53
1.09
0.72
0.1836
0.034 2.91
1.09
0.714 0.1836
0.031 3.50
1.09
0.524 0.1836
0.031 3.16
1.09
0.668 0.1836
0.041 3.25
1.09
0.586 0.1836
0.031 2.45
1.09
0.318 0.1836
0.031 2.90
1.09
0.502 0.1836

SScost
SSCDE
SSPEC
$/kWh
kg/kWh
0.027 0.72 -0.021
0.044 1.97
0.369
0.044 2.44
0.536
0.048 1.82
0.530
0.055 2.41
0.340
0.071 2.07
0.484
0.082 2.16
0.402
0.088 1.36
0.134
0.116 1.81
0.318

The savings over the reference case of the D-CCHP system model is first
illustrated. Table 16 shows the selected engine sizes for the D-CCHP configuration for
the full-service restaurant in each location examined. PGU sizes are determined
simulating a wide range of combinations for PGU1 and PGU2 to determine the
combination that yields the greatest operational cost savings.
Table 16

Selected PGU sizes for D-CCHP configuration

CITY
Seattle
Phoenix
Minneapolis
Helena
Chicago
Houston
Baltimore
San Francisco
Fairbanks

PGU1
10
10
10
8
10
15
10
15
10

D-CCHP

PGU2
20
25
30
30
30
25
30
25
35

Figure 24 - Figure 26 show the performance of a D-CCHP system with respect to
the reference case (0% line) using the PGU combinations presented in Table 16. Each
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location is investigated in terms of operational cost, PEC, and CDE, and the spark
spreads for cost, PEC, and CDE are also presented in these figures. In each figure, the
locations are presented from left to right in terms of increasing spark spread for the
appropriate parameter (cost, PEC, or CDE).

Figure 24

Performance of D-CCHP system over the reference case in terms of
operating cost savings
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Figure 25

Performance of D-CCHP system over the reference case in terms of PEC
savings

Figure 26

Performance of D-CCHP system over the reference case in terms of CDE
savings

66

Examining Figure 24, it can be seen that a D-CCHP system performs well in
terms of operating cost for all locations except Seattle and Phoenix, which have low cost
spark spreads. This indicates that the price of electricity is low relative to the price of
fuel in these locations, so that on-site generation does not provide as much financial
benefit. Phoenix also has a significant cooling load, almost as large as its heating load,
and its atypical performance will be discussed in greater detail in the next section of this
paper. Many CHP system strategies are unlikely to be beneficial in terms of cost for
Seattle and Phoenix, since the cost spark spreads of these cities are relatively low.
However, in the locations with higher cost spark spreads, the D-CCHP system performs
well in terms of operating cost, with San Francisco and Fairbanks benefitting the most
from the D-CCHP system configuration having savings of 32.5% and 31.1%,
respectively, over the reference case.
Figure 25 shows that PEC savings can be achieved for most of the locations
shown. With the exception of Seattle, PEC savings from a D-CCHP system
implementation are achievable when selecting PGU sizes based on operating cost. The
generation profile for the region near Seattle is particularly efficient in delivering power
with very low consumption of primary energy [53]. Seattle has a PEC spark spread of
0.72, while each of the other locations has a spark spread of 1.36 or higher. Chicago and
Minneapolis, each with PEC spark spreads of about 2.4, benefit the most in terms of PEC
from a D-CCHP configuration, with savings over the reference case of 20.6% and 19.6%,
respectively.
Figure 26 shows the CDE savings for the D-CCHP system in each location. The
two locations with the lowest CDE spark spreads, Seattle and San Francisco, do not
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benefit in terms of CDE savings from the dual PGU CCHP configuration. This is due to
the relatively clean fuel mix used to generate power in these regions [53]. Helena and
Minneapolis have the highest CDE spark spreads of about 0.5 and show CDE savings
over the reference case of 29.5% and 28.4%, respectively. In general, it can be observed
from Figure 24 - Figure 26 that higher spark spreads yield greater savings for a D-CCHP
configuration.
D-CCHP System Performance Compared to D-CHP System
Spark spread has been shown to be a viable indicating parameter of the
performance of a D-CCHP system; however, the comparative performance of a D-CCHP
system to a D-CHP system is examined in this section. While spark spreads can indicate
the feasibility of D-CCHP system implementation, they do not provide enough
information to determine if D-CCHP systems perform better or worse than D-CHP
systems in certain locations. In order to investigate the performance of the D-CCHP
system versus the D-CHP system, the parameters Rcool, Rheat, and thermal difference, TD,
defined in Eq. (39) - (42) are introduced. Figure 27 shows the distribution of Rcool and
Rheat for each city, along with the operating cost savings of a D-CCHP system over a DCHP system for each location. The D-CCHP system operating cost relative to the DCHP system is calculated as shown in Eq. (54), and PEC and CDE savings relative to a
D-CHP system are found in a similar manner.
𝑂𝑝𝐶𝑜𝑠𝑡𝑠𝑎𝑣𝑖𝑛𝑔𝑠,𝐷𝐶𝐶𝐻𝑃/𝐷𝐶𝐻𝑃 =

𝑂𝑝𝐶𝑜𝑠𝑡𝐷𝐶𝐻𝑃 −𝑂𝑝𝐶𝑜𝑠𝑡𝐷𝐶𝐶𝐻𝑃
𝑂𝑝𝐶𝑜𝑠𝑡𝐷𝐶𝐻𝑃

(54)

In Figure 27, the locations where operational cost savings were determined to be
possible for the D-CCHP system are presented from left to right in terms of decreasing
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the TD values (increasing cooling loads). The PGU sizes for the D-CHP configurations
are determined by simulating different combinations of PGU1/PGU2 using the model
presented by Knizley and Mago [31] to obtain the combination that yields the greatest
operational cost savings. The PGU combinations for the D-CHP system are presented in
Table 5. The PGU sizes used for the D-CCHP system simulation are the same as those
listed in Table 16. Figure 27 illustrates, for the locations where the D-CCHP system
could produce cost savings, whether the D-CCHP system would provide cost savings
relative to the D-CHP system. In each of these seven cities, the D-CCHP system has the
potential to provide greater operational cost savings than the D-CHP system, although the
increase in several locations is very small. Notably, Minneapolis and Phoenix have the
same cost spark spread of $0.044/kWh, but the D-CCHP system yields cost savings in
Minneapolis and not in Phoenix. The TD values for Minneapolis and Phoenix can be
used to explain this discrepancy. The TD values for Minneapolis and Phoenix are,
respectively, 0.84 and 0.14. This indicates that, as expected based on their climate zones,
Minneapolis requires a much greater fraction of its total thermal load in the form of heat,
while Phoenix requires a significant fraction of its thermal load in the form of cooling.
Minneapolis shows an operating cost savings increase of 0.15% from the D-CHP system
to the D-CCHP system, while the operating cost savings for Phoenix decreases by 10%
between the D-CHP system and the D-CCHP system.
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Figure 27

Table 17

Operational cost savings of D-CCHP system relative to D-CHP system and
thermal loads by city where D-CCHP system cost savings are possible

Selected PGU sizes for D-CHP configuration

CITY
Seattle
Phoenix
Minneapolis
Helena
Chicago
Houston
Baltimore
San Francisco
Fairbanks

PGU1
10
15
10
8
8
15
10
15
10

D-CHP

PGU2
20
5
25
30
30
20
30
25
35

In Figure 28, these additional savings percentages are presented against thermal
difference (TD) for each location. In general, a higher TD indicates that most of the
thermal load is in the form of heat, and the D-CCHP system is less advantageous
compared with the D-CHP system. This is reflected in the lower operational cost savings
percentages shown on the right side of the graph for Fairbanks, San Francisco, Helena,
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and Minneapolis. A least-squares linear approximation is shown as a dotted line. The
cities which fall above this dotted line (San Francisco and Baltimore) have among the
highest SScost values of the cities shown. Therefore, the cost savings are higher than what
is indicated by the TD trend-line because of the significant cost reduction occurring in
these locations from the use of natural gas. The cities which fall below the trend-line
(Minneapolis and Helena) have SScost values below those of the other cities shown.

Figure 28

Operational cost savings of D-CCHP system relative to D-CHP system vs.
thermal difference

Figure 27 and Figure 28 show that, in general, for those locations where the spark
spread is sufficiently high to yield cost savings for most CHP configurations (above
$0.05/kWh for the building and cities analyzed in this paper), then a smaller TD can show
a benefit of a D-CCHP system over a D-CHP system. Operating cost savings increases
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of a D-CCHP system over a D-CHP system are greatest for Houston and Baltimore, with
a 3.44% savings increase in Houston and 1.46% increase in Baltimore. Houston and
Baltimore buildings have TD values of 0.2 and 0.68, respectively, with Houston’s larger
cooling demand leading to increased benefits from the use of D-CCHP systems rather
than D-CHP systems. Fairbanks and San Francisco, two locations with very low cooling
loads, have respective cost savings increases over D-CHP systems of 0.18% and 0.74%.
The TD values are highest for those locations, with values of 0.99 and 0.95 in Fairbanks
and San Francisco, respectively. Although SScost is highest for Fairbanks, using a DCCHP system rather than a D-CHP system does not provide significant cost benefits
because there is very little cooling load in this location, as indicated by its TD value of
0.99.
In Figure 29, the locations where PEC savings were determined to be possible for
the D-CCHP system are presented from left to right in terms of decreasing TD values
(increasing cooling loads). This illustrates, for these locations where PEC savings are
possible, whether a D-CCHP system would provide PEC savings relative to a D-CHP
system. In each of these eight cities, a D-CCHP system has the potential to provide
greater PEC savings than a D-CHP system, although the increase is minimal, less than
2% in each city except Minneapolis. The mid-range TD values (Minneapolis, Chicago,
and Baltimore) yield the greatest savings of a D-CCHP system over a D-CHP system in
terms of PEC, but the change from a D-CCHP system to a D-CHP system is small.
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Figure 29

PEC savings of D-CCHP system relative to D-CHP system and thermal
loads by city where D-CCHP system PEC savings are possible

In Figure 30, these additional PEC savings percentages are presented against the
TD values for each location. PEC savings from D-CCHP versus D-CHP configurations
do not present a strong trend. However, the cities which provide above average PEC
savings using a D-CCHP system rather than a D-CHP system are again the cities with the
highest SSPEC values: Baltimore, Chicago, Minneapolis; and the cities which provide the
least PEC savings with a D-CCHP system rather than a D-CHP system are among the
lowest SSPEC values: Fairbanks, San Francisco, and Helena.
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Figure 30

PEC of D-CCHP system relative to D-CHP system vs. thermal difference

In Figure 31, the locations where CDE savings were determined to be possible for
the D-CCHP configuration are presented from left to right in terms of decreasing the TD
values (increasing cooling loads). This illustrates whether a D-CCHP system would
provide CDE savings relative to a D-CHP system for the locations where CDE savings
are possible with a D-CCHP system. In each of these seven cities, the D-CCHP
configuration has the potential to provide greater CDE savings than the D-CHP
configuration, with a significant increase in Houston.
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Figure 31

CDE savings of D-CCHP system relative to D-CHP system and thermal
loads by city where D-CCHP system CDE savings are possible

In Figure 32, these additional CDE savings percentages are presented against the
TD values for each location. CDE savings from a D-CCHP system versus a D-CHP
system do not adhere to a strict trend-line (R2 = 0.52), but the general pattern is similar to
that of cost savings shown in Figure 28. Both Houston and Minneapolis provide greater
CDE savings than the general trend would indicate, and both cities are among the highest
SSCDE values. Phoenix and Fairbanks fall well below the trend-line, and they have the
lowest SSCDE values of the cities shown.
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Figure 32

CDE of D-CCHP system relative to D-CHP system vs. thermal difference

D-CCHP System and Potential Operating Cost Savings with Carbon Credits
As shown previously, the D-CCHP system has the potential to reduce the CDE for
most locations. For those locations where the D-CCHP system is not able to reduce the
operational cost, the use of carbon credits, if available, can be used to make the system
more feasible from the operational cost perspective. In this section, the effect of carbon
credits on operating cost savings with respect to the reference case is examined for the
cases of Chicago and Phoenix. Chicago is chosen because it shows the median operating
cost savings for the cities examined, and Phoenix is chosen to examine the effects of
increased cost benefits with carbon credits because a D-CCHP configuration has a greater
operating cost than the reference case in that location. Figure 33 shows the new D-CCHP
system operational cost versus the carbon credit for the city of Chicago. The carbon
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credit was varied from 0 to $30/ton CO2 ($0.03/kg CO2). As expected, increasing the
carbon credit decreases the new operating cost of the D-DCHP system and therefore
increases the operating cost savings. Figure 34 shows the new D-CCHP system
operational cost versus the carbon credit for the city of Phoenix. Similar to Figure 33, the
carbon credit was varied from 0 to $30/ton CO2. Figure 34 shows that even if carbon
credits were to reach $30/ton CO2, the D-CCHP system would still not produce cost
savings over the reference case for Phoenix, AZ. Since the values of carbon credits are
different for different locations, it has to be analyzed for each case to determine if they
might or might not have an impact on the operational cost savings of the D-CCHP system
implementation.

Figure 33

Addition of carbon credits to operating cost and operating cost savings over
reference case for full-service restaurant in Chicago, IL
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Figure 34

Addition of carbon credits to operating cost and operating cost savings over
reference case for full-service restaurant in Phoenix, AZ

Conclusions
In this chapter, the dual PGU configuration is extended to examine a combined
cooling, heating, and power system in nine different U.S. climate zones. This D-CCHP
system is evaluated in terms of operating cost savings, PEC savings, and CDE savings
over the reference case and over the D-CHP system presented in previous chapters.
Additionally, the D-CCHP system performance correlation to spark spread is presented,
and it is found that, generally, higher spark spreads signify greater savings with the DCCHP system configuration, similar to what was shown for the D-CHP configuration
presented in Chapter IV.
The savings of the D-CCHP system compared to the D-CHP system is also
presented for locations that show possible D-CCHP system savings over the reference
case. The D-CCHP system performs comparably to the D-CHP system and shows
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moderate savings over the D-CHP system in some cases. In order to examine the
variation in performance of the D-CCHP system relative to the D-CHP system for the
various locations, the parameter of thermal difference, TD, is introduced. In general, for
locations that yield possible savings over the reference case when employing a D-CCHP
system, a smaller TD implies greater operational cost savings of the D-CCHP system
relative to the D-CHP system, since a small TD signifies a greater cooling need for that
location. Exceptions to this trend can be explained by above average or below average
spark spreads.
Finally, the effect of carbon credits on operational cost savings is examined.
While carbon credits do increase operational cost savings for locations where the DCCHP system reduces CDE, they cannot necessarily guarantee that cost savings can be
achieved, as shown for the case of Phoenix, AZ. However, for those locations where a
D-CCHP system reduces both operational cost and CDE, the implementation of carbon
credits can make the D-CCHP configuration even more desirable in terms of operational
cost savings.
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CHAPTER VII
CONCLUDING REMARKS

This dissertation focuses on a novel CHP system configuration that uses dual
PGUs operating simultaneously under differing strategies. The D-CHP configuration is
simulated for several benchmark buildings and in multiple locations to determine the
feasibility of implementing such a strategy. The performance of this system is measured
in terms of operating cost savings, PEC savings, and CDE savings over a reference case
using separate heat and power. Also, the D-CHP configuration is examined for a
scenario allowing thermal storage and extended for the case of combined cooling,
heating, and power. Parameters of power-to-heat ratio, spark spread, cost ratio, emission
ratio, and thermal difference are investigated as quantifying parameters for D-CHP or DCCHP system performance.
Firstly, the D-CHP system configuration, in which one PGU is operated at base
loading conditions and the other one is operated FEL, is modeled and applied to four
different benchmark buildings: a full-service restaurant, a large hotel, a hospital, and a
secondary school, in Chicago, IL. These results are compared against a reference case, in
which no CHP system is implemented, on the bases of operational cost savings, PEC
savings, and CDE savings. The results are also compared with a base-loaded CHP
system and a CHP system operated FEL. Monthly PHRb is used to indicate performance
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of the D-CHP system, further optimizing the D-CHP configuration to operate only during
months when the PHRb is below 5.
Results indicate that several combinations of PGU1 and PGU2 provide savings in
operational cost, PEC, and CDE versus the reference case for three of the selected
buildings. For the fourth building, the D-CHP system can be operated for a portion of the
year to provide savings over the reference case. The size of each PGU should be
carefully selected to obtain better operational cost savings for the D-CHP system
compared with CHP-BL and CHP-FEL systems. It is also found that the D-CHP system
will perform comparably to or better than both CHP-BL and CHP-FEL systems in all
four building scenarios, and the D-CHP system allows greater versatility in operational
strategy. The D-CHP system operation can allow for maintenance of one PGU while still
operating the other PGU in a base-loaded or FEL only configuration. For the evaluated
sizes of PGU1 and PGU2, the D-CHP system can provide operational cost savings up to
approximately $6,000/yr, $40,000/yr, and $80,000/yr, for the restaurant, large hotel, and
hospital, respectively. However, for the secondary school, the D-CHP system yields
higher operational cost than the reference building if the D-CHP system is operated over
the entire year.
The effect of the yearly PHRb and the monthly PHRb is examined for each
building configuration. For the selected buildings, it can be concluded that the yearly
PHRb cannot be used as an indicating factor to estimate if the D-CHP system will provide
cost savings, since the yearly PHRb can be misleading. On the other hand, monthly PHRb
could be use as an indicating factor to estimate if the D-CHP system will provide cost
savings or not. It is seen that the D-CHP system is likely not an economically viable
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option when the monthly PHRb exceeds 5.0, implying that there is a low thermal demand
for the building. In this way, the D-CHPopt system provides 2.9%, 6.6%, and 4.3%
reductions in operational cost, PEC, and CDE, respectively, compared with the reference
case. Additionally, the D-CHPopt system performed much better than the D-CHP system
in terms of cost and CDE. The D-CHPopt system strategy reduces the operational cost,
PEC, and CDE by 4.2%, 0.3% and 2.6%, respectively. This result indicates that in order
to obtain operational cost savings, the D-CHP system should be operated only during the
months with low PHRb, approximately less than 5.0.
Next, the potential of D-CHP system to reduce CDE is analyzed for a full-service
restaurant benchmark building in nine cities with different climate conditions. In
addition to CDE savings, the D-CHP system performance is also evaluated based on
operational cost savings. The D-CHP system is first optimized based on highest CDE
savings over a reference case, in which no CHP configuration is employed. These
savings are compared to the highest CDE savings over the reference case for BL-CHP
and CHP-FEL configurations. When optimized based on CDE, the D-CHP system outperforms CHP-BL and CHP-FEL systems in every city except for Seattle, and the D-CHP
system yields CDE savings for seven of the nine locations evaluated. Additionally, it was
found that high ESS correlates to greater CDE savings. The two cities that do not show
CDE savings for any CHP configuration are Seattle and San Francisco, which have
relatively low ESS of 0.021 kg/kWh and 0.134 kg/kWh, respectively. Of the locations
examined, the city showing the minimum ESS for favorable emissions savings is
Fairbanks, with an ESS of 0.318 kg/kWh. Therefore, the CDE trends indicate that, for
the examined building, an ESS greater than about 0.32 kg/kWh shows potential for
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favorable CDE savings from the application of a D-CHP system. When optimized based
on CDE, seven of the nine locations examined also show cost savings over the reference
case for the D-CHP and CHP-FEL configurations, though the D-CHP system shows
greater cost savings in each case. The CHP-BL system only produces cost savings over
the reference case for five of the nine locations examined, when optimized based on CDE
savings.
The D-CHP system is also optimized based on highest cost savings over the
reference case, in which no CHP configuration is employed. Again, the D-CHP system
cost savings are compared to the cost savings of the CHP-BL and CHP-FEL
configurations. When optimized based on cost, the D-CHP system out-performs CHPBL and CHP-FEL systems for every location analyzed. The D-CHP system can provide
cost savings for a full-service restaurant in eight of the nine locations examined,
compared to seven of nine for the CHP-FEL system and six of nine for the CHP-BL
system. The cost spark spread is also shown as an indicator of potential D-CHP system
viability. Phoenix has the lowest positive cost savings for the D-CHP configuration, with
a cost spark spread of $0.044/kWh. Higher cost spark spreads indicate higher D-CHP
system cost savings potential, thus, for the evaluated building, a cost spark spread above
$0.044/kWh shows potential for favorable CHP system savings. Fairbanks has the
highest cost spark spread of $0.12/kWh and yields 31% savings over the reference case.
When optimized based on cost, seven of the nine locations examined still show emissions
savings for the D-CHP configuration. As with optimization based on CDE, only Seattle
and San Francisco do not yield favorable emissions savings for any CHP configuration
optimized based on cost, as these cities have low emissions spark spreads.
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D-CHP configurations should be optimized with respect to both cost and CDE
savings, as savings in one area does not guarantee savings in the other. If reduction of
both CDE and cost is the goal, then it is possible that a D-CHP configuration sized for
CDE may be the most beneficial for both CDE and cost savings, or vice versa. If carbon
credits or tax incentives for emissions reductions are implemented, then the D-CHP
system optimized based on CDE savings may yield further potential in terms of both cost
and emissions reduction.
Next, a study on the performance of D-CHP systems operating under different
strategies is performed, and the effect of thermal energy storage is examined. For the DCHP system, two operating strategies are considered. First, one PGU is base-loaded
while the second PGU follows the remaining, time-varying, electric load. The second
strategy also uses a based-loaded PGU, but this time the second PGU follows the
remaining, time-varying, thermal load. The performance of the D-CHP systems is then
analyzed using a year-long simulation obtained by running Energy Plus software for a
full service restaurant reference benchmark building in various climate conditions:
Atlanta, GA, San Francisco, CA, Duluth, MN, and Phoenix, AZ. The results are used to
compare the performance of the D-CHP configurations against a system that uses
conventional technology as well as against a single-PGU CHP system operating under
FEL, FTL, and base load conditions. The systems are assessed with respect to their
performance in operational cost and carbon dioxide emissions. The outcome of the
assessment indicates that the D-CHP system operating either FEL or FTL, in general,
provides better results than a standalone CHP system operating FEL, FTL, or BL.
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The addition of thermal storage is found to improve the operational cost and
emissions savings of the D-CHP system operation. In particular, for the city of San
Francisco, the use of a D-CHP-FEL system with thermal storage results in cost savings of
35.1% and, for the city of Duluth, the use of a D-CHP-FEL system with thermal storage
results in CDE reduction of 27.5%. In general, it was found that cities with high cost
ratios and emission ratios achieve the best cost and emission reductions, respectively,
from the use of CHP systems. Similarly, for the cases considered, facilities with higher
power-to-heat ratios receive the most benefits from using thermal storage with a D-CHPFEL system.
Finally, a D-CCHP configuration is proposed, which also employs two PGUs
operating simultaneously using differing strategies. This system is compared on the
bases of operating cost, PEC, and CDE to a reference case in which a SHP system is
employed. The D-CCHP system performance is shown to correlate well with cost spark
spread, primary energy consumption spark spread, and carbon dioxide emissions spark
spread, with higher spark spreads generally signifying greater savings. The D-CCHP
system is able to reduce the operational cost with respect to the reference case for all
locations except Seattle and Phoenix, which have low SScost. With the exception of
Seattle, which has low SSPEC, the D-CCHP system implementations can yield PEC
savings. On the other hand, the D-CCHP system is able to reduce the CDE with respect
to the reference case for all locations except for Seattle and San Francisco (cities with
low SSCDE).
For those locations that show D-CCHP system savings over the reference case,
the D-CCHP system performance is also compared to the D-CHP system performance. It
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is found that, in general, D-CCHP system performs comparably to the D-CHP system,
but the D-CCHP configuration performs slightly better for locations where D-CCHP
system savings over the reference case can be achieved. The parameter of TD is
introduced to explain the variations in the relative savings of the D-CCHP system over
the D-CHP system. Results indicate that, for locations where D-CCHP configurations
can yield savings, lower TD tend to yield higher savings. Exceptions to this trend can be
attributed to very high or very low spark spreads. In terms of operational cost savings,
Baltimore and Houston show the greatest savings of the D-CCHP system over the DCHP system, and those locations have the lowest TD. San Francisco yields higher
operational cost savings for the D-CCHP system with respect to the D-CHP system than
would be expected from its relatively high thermal difference, but this discrepancy is
explained by the high cost spark spread of San Francisco. In terms of PEC savings, most
of the locations show comparable savings for the D-CCHP system relative to the D-CHP
system. For the locations that perform better than average for D-CCHP system savings
with respect to the D-CHP configuration, high PEC spark spreads are present. CDE
savings tend to decrease with increasing TD, with exceptions of Houston and
Minneapolis. Those cities have higher than expected, with regard to TD, CDE savings of
the D-CCHP system relative to the D-CHP system. In addition to having a low TD,
Houston also exhibits a high CDE spark spread that can account for the higher than
expected savings. Minneapolis has the highest SSCDE, which also accounts for its higher
than expected CDE savings.
The effect of carbon credits on operational cost savings is also examined.
Increasing the value of carbon credits will also increase the operational cost savings for
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locations that have CDE savings when employing a D-CCHP configuration. However, as
shown for the case of Phoenix, carbon credits alone may not be able to overcome
operational cost increases from the D-CCHP system for a location with a low spark
spread and low TD value.
In short, D-CHP and D-CCHP configurations can be a viable alternative to
traditional CHP system strategies. Both D-CHP and D-CCHP system strategies perform
comparably to, and sometimes notably better than, traditional CHP system
implementation strategies. When a CHP or CCHP configuration is capable of producing
cost, CDE, or PEC savings over a SHP reference case, then it is worth exploring a DCHP or D-CCHP system implementation strategy, since this new configuration is often
able to provide the highest operational cost savings.
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